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The Cascade Decomposition of Sequential Machines* 


M. YOELIt+ 


Summary—This paper studies composite sequential machines 
obtained from smaller component machines by their connection in 


cascade, that is, the outputs from one component are the inputs to 
the next. 


Given the specification of a deterministic, completely specified, 
synchronous, sequential machine (Mealy model), a criterion is de- 
rived for such a specification to be decomposable into specifications 
of smaller machines, the cascading of which will lead to a realization 
of the original machine required. 

A simple technique, based on homomorphisms between directed 
graphs, is arrived at for the actual breaking up of a decomposable 
specification. A number of additional problems related to sequential 
machine decompositions are pointed out as concluding remarks. 


I. INTRODUCTION 


HIS paper is concerned with cascaded sequential 

networks (see Fig. 1). It investigates the proper- 

ties of such networks and the inverse problem of 
decomposition, 7.e., the representation of a specified 
sequential machine as a cascaded network. 


. 
~ : parte Ste Ja 


Fig. 1—Cascaded networks. 

The importance of a theoretical investigation on pos- 
sible decompositions of sequential machines has already 
beenemphasized by Moore.! The engineering advantages 
of breaking down the over-all specification of a large 
machine into several small machines (with the number 
of states of the large machine being the product of the 
numbers of states of the small machines) are rather ob- 
vious. However, the exact evaluation of any such de- 
composition will depend on the particular application 
and cannot easily be generalized. The decomposition of 
information processing machines into component ma- 
chines connected in parallel has been studied by Hart- 
manis,? who applied the algebraic theory of congruence 
relations, of Birkhoff* and Krishnan.* 

Fig. 2 indicates a suitable interpretation of the con- 
cept of parallel composition of information networks. 


* Received by the PGEC, March 2, 1961. The research work for 
this paper was carried out at the Elec. Engrg. Dept., Syracuse Uni- 
versity, Syracuse, N. Y. ; 

+ Technion, Israel Institute of Technology, Haifa, Israel. _ 

1E. F. Moore, “Gedanken-experiments on sequential machines,” 
in “Automata Studies,” Princeton University Press, Princeton, N. J., 
pp. 129-153; 1956. ; oF : 

2 J. Hartmanis, “Symbolic analysis of a decomposition of informa- 
tion processing machines,” Information and Control, vol. 3, pp. 154- 

178; June, 1960. : 
A 3G. Birkhoff, “Lattice Theory,” Am. Math. Soc, Coll. Publ., 
vol. 25, New York, N. Y., rev. ed., pp. 21-24; 1948. 

4V.S. Krishnan, “The theory of homomorphisms and congruences 
for partially ordered sets,” Proc. Indian Acad, Sei., Sec, A, vol. 22, 
pp. 1-19; 1945. : 


Both the parallel and cascaded compositions may be con- 
sidered as extreme cases of partially cascaded networks, 
as shown in Fig. 3. On the other hand, partial cascading 
may obviously be viewed as a special case of (complete) 
cascading with some of the input leads connected 
straight through in both component networks. In some 
cases, a decomposition of a machine into two partially 
cascaded networks will be required with the inter- 
connections between the component machines re- 
stricted to a minimum. The (complete) cascade decom- 
position studied in this paper may then serve as the 
initial (and essential) step toward the desired goal. 


=» 
: Network . 
5 No, 1 
Input 
: Network 5 
. No. 2 : 


Fig. 2—Parallel composition of networks. 


Network 
No. | 


Fig. 3—Partially cascaded networks. 


output 


Input output 
Network 


No. 2 


The paper arrives at a criterion for a machine to be 
decomposable (Theorem 4) and also develops a simple 
technique for the application of this criterion, leading 
either to the result that a given machine is not decom- 
posable or alternatively to the specifications of the com- 
ponent machines. 

The problem studied in this paper is closely connected 
with the state assignment problem for sequential ma- 
chines discussed by Hartmanis in a recent paper.’ How- 
ever, both the formulation of the problem as well as the 
proposed method of solution are rather different. 


Il. Bastc DEFINITIONS 


Following Mealy,’ Aufenkamp and Hohn,’ and Gins- 
burg,® we define a (deterministic, completely specified, 


5 J. Hartmanis, “On the state assignment problem for sequential 
machines. I,” IRE TRANS. ON ELECTRONIC COMPUTERS, vol. EC-10, 
pp. 157-165; June, 1961. 

6G. H. Mealy, “A method of synthesizing sequential circuits,” 
Bell Sys. Tech. J., vol. 34, pp. 1045-1079; September, 1955. 

7D. D. Aufenkamp and F. E. Hohn, “Analysis of sequential ma- 
chines,” IRE TrANs. ON ELECTRONIC CompPuTERS, vol. EC-6, pp. 
276-285; December, 1957. 

8S, Ginsburg, “A synthesis technique for minimal state sequen- 
tial machines,” IRE TRANs. ON ELECTRONIC ComMPuTERS, vol. EC-8, 
pp. 13-24; March, 1959. 
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synchronous, sequential) machine M asa system consist- 
ing of 

1) a finite set of states —— | s1, 370 Op ai, n>I, 

2) a finite set of anputs XS | BG; 6 Oy SOx i ih > lh 

3) a finite set of outputs l= | 215 hg. za ip > il, 


4) a function A (output function) associating with 
each state s; and each input x; and output 2:. We 
shall use the (operational) notation 2 = s:Ax;. 

5) a function A (next state function) associating with 
each (s;, x;)-pair a state s;=sAx;. 


Methods of describing sequential machines by tables 
(flow table, A-, A-matrix)* or by weighted graphs (flow 
diagrams) are well known. Given the initial state of such 
a machine M, and any input sequence, the method of 
deriving the corresponding output sequence is also as- 
sumed to be known. 

In discussing different machines M, M’, etc., un- 
primed, primed, etc., symbols will be understood to refer 
to M, M’, etc., respectively. However, following usual 
operational notations, symbols A and A will be used 
throughout for any machine. 

Following Moore,! two machines M and M’ will be 
said to be isomorphic (M&M’) if the A- and A-matrices 
of M can be obtained from the corresponding M’- 
matrices by substituting new names for the states, 
wherever they occur. 

In other words, M and M’ are isomorphic if X =X’, 
Z=Z', and there exists a one-one correspondence ss’ 
between S and S’ such that ses’ and x =x’ implies 


sAx & s' Ax’ 


(1a) 
as well as 


SAX = 5’ AX’. (1b) 

A formal definition of the cascade-connection of ma- 
chines (see Fig. 1) will now be given. Let M’ and M’’ be 
two machines with Z’=X”’, 7.e., the outputs of M’ co- 
incide with the inputs of M/’’. The machine JM is said 
to be the cascade-connection of M’ and M”’ (notation: 
ViVi @ NM ate 


DA ee 


and for any x=x’CX and any s=(s’, s’’)ES, 


sAwias Ago Ax) (2a) 
se Aipeaes SUN (2b) 

where 
Creag NGG (2c) 


A machine M will be called decomposable if there exist 
two machines M’, M’’, such that 


MSM Oo Me 


9 S’XS” denotes the Cartesian product of S’ and S”, i.e., the set 
ee ordered pairs (s’, s’’), where s’ runs through S’ and s’’ through 
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II]. TRANSITION GRAPHS 


For the purpose of studying machine compositions 
(and decompositions), it will be convenient to introduce 
the concept of transition graph. We define a transition 
graph asa finite, directed graph G with exactly one edge 
leaving each vertex.!° We shall use the notation v,G =, 
to indicate that G contains an edge from vertex 2; to 
vertex v; (“takes v; into Dar he 

- Given a machine M with inputs *1,:-°-, %m and 
s, we associate with any input x; a 


States Sapa 
transition graph G; consisting of m vertices v1, -* * , Un 
such that 

v,G; = v, whenever S;Ax; = Sk. (3) 


The transition graphs of a machine thus obviously 
correspond to the transition matrices introduced by 
Seshu, Miller and Metze." 

For an example see Table I specifying a two-input, 
three-state machine M’, and Figs. 4(b) and 4(d) showing 
the corresponding transition graphs. The following is 
easily verified. 


Lemma 1 


Each maximal connected subgraph of a transition 
graph includes exactly one cycle.” 

To apply transition graphs to machine decomposition, 
we also have to introduce the following definition. 

Let Gand G be transition graphs and v7 a many-one 
correspondence between their vertices,’ such that 


2 ea 


implies 1G — 3G 
or 
vG = iG. (4) 


The correspondence v—9 is a homomorphism between 
G and G. Examples of homomorphisms are indicated in 
Fig. 4 by dotted lines (G; and Gy’; Gs and G»’). Now, 
let M=M’OM"’, and let G; and G,’ be the transition 
graphs of Wand MW’ associated with the same input ele- 
ment x;=.x;’ (see Tables I-III, and Fig. 4). Furthermore 
let the vertex v of G; represent s© S and the vertex v’ of 
G;,’ represent s’, where s=(s’, s’’). Considering the cor- 
respondence v—v’, we have from (2a) 


vG;— 0'G;, 


1.e., the correspondence v—v’ defines a homomorphism 
between G; and G,’ for any j=1, ---, m. 


For graph-theoretical terminology see S. Seshu and M. B. 
Reed, “Linear Graphs and Electrical Networks,” Addison and Wes- 
ley Publishing Co., Reading, Mass.; 1961. 

ul Ss. Seshu, ef al., “Transmission matrices of sequential machines, ” 
IRE Trans. on Circuit THEory, vol. CT-6, pp. 5-12; March, 1959. 

” A cycle is defined as a sequence of vertices (v1, + + + , v%) without 
repetitions, such that v;G =a,4:(4=1, - + +, R—1) and %,G= 7. 

8 T.e., each vertex v of G has one and only one _correspondent 
vertex 3 of G, whereas, conversely, each vertex 4 of G is the corre- 
spondent of at least one vertex v of G. 
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TABLE I 


A- AND A-Martrices OF MACHINE 1’ 


x / 


i! 2 1 5) 
| 
. | z | 2 | 1 | 1 2 | 
ele 3 Cao wl anceaierts ("| 
| 
3 | 2 1 3 | 1 | 
SPAS s’Ax’ 
TABLE II 
A-MatTrix oF MacuHinE M"’ 
a 
1 2 
me ; | 1 2 | 
2 | 
2 1 | 
Ge ay 
TABLE III 
A-Matrix or M=M’' O M” 
x 
1 2 
(eet?) (2>1') (2 3) 
(1, 2) (22) (4) 
(2,1) | (1, 2) (3, 1) 
5 | 
(252) Gla) G,2) 
yi). @, 1) gree: 
(3, 2) (2, 2) (1, 2) 
SAX 
(,) t---- wenn 1 
(2) ———— — += = 2 
(3,1) @&—-----+- —--------- 3 
(b) 
(1, 2) 
(iy <= = a a a ee 1 
(2, 2) 
an | @----S+4-=------ , 
, 2) 
(3,0 Or) as ee , 
(c) (d) 


Fig. 4—Transition graphs of machines M (Table IT1) and M’ (Table 
I). (a) Transition graph Gi of M. (b) Transition graph G,’ of 


M’. (c) Transition graph Ge of M. 
of M’. 


(d) Transition graph Gy’ 


Furthermore, transition graphs of isomorphic ma- 
chines associated with the same input element are ob- 
viously isomorphic. The above results, obtained for 
M=M'OM"’’, will, therefore, also hold if V2M’OM"’. 
Thus we have the following. 


Theorem 1 

Let M&M'OM"’ and let G; and G,’ be the transition 
graphs of M and M’, associated with the same input 
element x;=x,’. Furthermore, let the state s of M cor- 
respond to the state (s’, s’’) of M’OM"’, s and s’ being 
represented by the vertices v and v’ of G; and G;,’, re- 
spectively. Then vv’ defines a homomorphism between 
G; and G,’. 

The relationship between machine decomposition and 
homomorphic transition graphs, established in Theorem 
1, justifies a further study of transition-graph homo- 
morphisms. We shall find especially that Theorems 2 
and 3, which follow, are directly applicable to machine 
decomposition. 

Let us consider (see Fig. 4) the cycle (1, 1), (2, 1), 
(1, 2), (2, 2) of G,. Its homomorphic image is the 1, 2 
cycle of Gi’. Similarly, the 6-vertex cycle Gs is mapped 
into the 3-vertex cycle Ge’, any two vertices of Gy with 
distance 3, being mapped into the same vertex of Go’. 
Generalizing, one easily verifies the following. 


Theorem 2 


Let va be a homomorphism between the transition 
graphs G and G. Then this correspondence will map any 
cycle C of G of length p into a cycle C of G of length §, 
with p=kp (& an integer). Any two vertices of the 
G-cycle with distance p are mapped into the same vertex 
of G. The following is rather evident. 


Lemma 2 


The homomorphic image of a connected transition 
graph is connected. 


(@) (b) 


Fig. 5—Example of homomorphic transition graphs. 


Consider now the transition graph G shown in Fig. 
5(a). Let us assume that G is a homomorphic image of 
G containing a cycle a, b, ¢ into which the 1-6 cycle of 
G is mapped as follows: 


1, 4— a; Dees ==> 05 Salas 


If G consists only of the 3 vertices a, 6, c [Fig. 5(b) li 
we must have 7b. This simply follows from 6—¢, 
7G =6, and the fact that only 6 is taken into ¢ by G. 
Similarly, we must have 8—a, 9, 10—e. If G would con- 
tain, in addition to the a, bc cycle, another vertex d, 


590 


we could not have dG=d, due to Lemma 2. Thus, no 
vertex is taken by G into d, and therefore only vertices 
9 and 10 could be mapped into d. Applying the previous 
reasoning, we must, therefore, still have 


7— }, 8— 4, 


whereas 9 and 10 could be mapped either into d or into ¢. 
The above method of reasoning leads to the following. 


Theorem 3 
Let, under the assumptions of Theorem 2, 
C= (Ge =n G) 
C = (G1, +++, 4%). 


LeteP= (bi, ~- ~, 0.) bean oriented path of G with 
only vertex a, = b, common to both C and P (see Fig. 6). 


Fig. 6—Illustrating Theorem 3. 


Denoting by # the total number of vertices of G, let by 
be a vertex of P with 


[a i — for 
Then 


mo 
® 
Il 
Qa 
aa 


where 
= » — o (mod. #). 


A formal proof of Theorem 3 follows. First, we prove the 
following. 


Lemma 3 


Let v, 1<vSa be the minimal integer with BReaG 
Then 51, ---, )-1 are all different. Indeed, let y be 
maximal such that 


Lisa ed Sp 4. 
We would then also have 
by 44 = Bayt. 


This, however, would, for 6<v—1, contradict the as- 
sumption that y is maximal, and for 6=v—1, the as- 
sumption that v is minimal. Lemma 3 is thus proved. 


Proof of Theorem 3 


It follows from Lemma 3 that *2p+v—1. Hence, 
from 


b> nh — p, 
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we have 
td 2 V; 
whence 
b, EC 
Now let 
by = ad; 


then (writing 6G? for (G)G, etc., as usual) 
b, = 5,G°-" = &G"* 


also 
b, = G, = G, 
hence 
\+o—pu =0 (mod) 
or 


h-= wp —o (mod). 


Theorem 3 is thus proved. 


lV. PARTITIONS 


«Admissible partitions” as defined later in this Section 
will also have an important role in connection with 
machine decompositions." 

A partition 7 of aset Sisa collection 1A; BSC tae } 
of subsets of S, such that each element of S belongs to 
one and only one of the subsets of the collection. We 
shall use the notation s;=s;(7) to indicate that ele- 
ments s;, s; of S belong to the same subset of S, under 
the partition 7. 

If all the subsets of a finite set S, forming the parti- 
tion 7, have the same number of elements, the partition 
will be called uniform. 

Let G and G be homomorphic transition graphs under 
the correspondence v3. We define a partition 7 of V, 
the set of vertices of G, by 


2; = ;(r) whenever 2; = 2;. (5) 
This partition 7 has the following property: 
v; = ,;(r) implies v,G = ;G(r). (6) 


Indeed, v;=v;(7) implies, by (5), 3;=a;, hence 01;G =3,G. 
Applying (4) and (5), we obtain 1;G=v,G(7). 

Given a transition graph G, a partition 7 of its vertices 
will be said to be admissible (by G) if it has the proper- 
ty (6). 

Given a machine M, a partition 7 of its set of states S 
will be called admissible if, for any input xC X, and any 
two states s, fC S 


s =U) implies sAx = tAx(z). 


__™ The term “admissible partition” used here corresponds to “par- 
tition having the substitution property” in Hartmanis.?* 
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For any machine M, a given partition 7 of S obviously 
defines corresponding partitions of the vertices of the 
transition graphs of M. Evidently, the partition 7 of 
S is admissible if, and only if, it is admissible by all the 
transition graphs of M. Now, let M&M’OM", with 


f(s, 9"), #24, 19[5,¢€ Sys, f ES’ 5", 1 CS"). 
We define a partition 7 of S by 


s = t(wr) whenever s’ = 2’. 


If follows immediately from (2a) that 7 is admissible. 
It is also evident that 7 is uniform. 

Conversely, given a machine M and a partition 7 of 
S, admissible and uniform, we now wish to show that 
M is decomposable. 

For this purpose, let us arrange the elements of S in 
matrix form: 


Sfi5zQ - > ° Sint? 


Sytisn?2 “°° Sn'n''y 


the 7’ rows of this matrix constituting the 2’ w-subsets 
of S. We assume 7 to be nontrivial, t.e., 1<n’<n. We 
now define a machine W’ as follows: 

Dad a> € 

St (a5! 


RON es ae 
whenever 
SapAx; = Sys. (7) 


The partition 7 being admissible, the definition of y 
by (7) will not depend on 8, 7.e., sy’ is uniquely defined 
iyvasa and xy"- 

The output set Z’ of M’ we define to consist of the n’m 
plements gz; (6a=—1,-"-, 2; j=1,°°-,™, with the 
output function of M’ being given by 


SNe = Bey 
Next, we define M’’ by 


Hae <— 


With Vari Sag 1 ce n',j7=1, Pha bo 
an arbitrary input element of M’’, we define 


Xx” = hes su = \ Sa Zz" ere 


, m denoting 


Sy IC Ie Be 
where 6 is determined by (7) and 
sp’ MXaj"’ = SapAXj. 
One immediately verifies that 


Ma M’o M”. 


Thus we arrive at the following. 
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Theorem 4 


A machine M is decomposable if, and only if, there 
exists a nontrivial, uniform, admissible partition 7 of S, 
the set of states of V/. 


V. MACHINE DECOMPOSITIONS 


We have seen in Section IV that for a given machine 
M, theestablishment ofa (nontrivial) uniform and admis- 
sible partition 7 of S is essential for the decomposition of 
M into the cascade connection of two smaller machines, 
M’ and M’’. Once such a partition 7 has been found, 
the procedure described in Section IV may be followed 
to define M’ and M’’. In this Section we wish to show 
how such a partition 7 may be found, using the theory 
of homomorphic transition graphs developed in Section 
III. We shall best illustrate our method by following an 
example. Consider the A-matrix of a machine M, given 
in Table IV. The corresponding transition graphs are 
shown in Fig. 7. We have ~=8, and therefore, we must 
have either 7’ =2 or n’=4. Let us consider n’=2 first, 
1.e., we would have to partition S= ae ae 8} into 
two subsets containing four elements each, the partition 
to be admissible by Gi, - - - , Gs (Fig. 7). 

Applying Theorem 2 to the cycle (3, 7, 8, 4) of Gi, we 
must have p=1 or 2 and for both cases 


see (8) 
ADVANI BILE, JIN 
Tue A-MatrIix oF A MACHINE WM, TO BE DECOMPOSED 
x 

1 2 3 4 
1 2 6 2 6 
2 5 1 5 1 
3 a 2 7 8 
4 3 7 6 af 

AY 
5 6 1 3 1 
6 i 2 1 2 
7 8 3 2 6 
8 4 il 4 i 
sAx 
34 
by Nile See | ES S 
1 2 5 6 1g 8 
2 3 % 8 
eA Ci OS He 
5 1 6 4 
5 3 
ee ai ~ 
8 4 6 1 2 7 
2 4 

/ \ L Gq 

5 ] 6 Le 8 3 


Fig. 7—The transition graphs of M (Table IV). 
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j denoting the image of v. But applying (4) and (8) to 
G» would lead to 


Neat Ss ol SG 


which.would contradict the requirement of having four 


elements in each subset. 
We next consider 2’=4. The above argument indi- 


cates that 
eye eee (9) 


are all different. If we now apply Theorem 3 to G; (with 
n=n' =4) we find 


6 = 3, (10) 


Si=4. 

We thus conclude that w{ (1, ae {2, 8}, ‘S, 6}, 
{4, 5} } is the only possibility for the partition in ques- 
tion. One now easily verifies that 7 does indeed satisfy 
all the requirements of Theorem 4, and thus will lead 
to a decomposition of M. 

On the other hand, let us assume that one of the 
transition graphs of an eight-state machine M, to be de- 
composed, contains a cycle C of 5 vertices. Applying 
Theorem 2, we must either have p=5 or p=1. In the 
first case we would have n’ =5, in the second case n’’ =5S. 
Evidently no such nontrivial uniform partition exists, 
1.e., M is not decomposable. 


VI. CONCLUSIONS 


This study leads to a graph-theoretical method for the 
decomposition of a sequential machine into cascaded 
components whenever possible. However, a number of 
additional problems arise in this connection, the solu- 
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tions of which would no doubt lead to considerable en- 
gineering advantages as to the synthesis of large sequen- 
tial machines. 

The extension of this study to incompletely specified 
machines appears rather important. Also, if a machine 
M is specified, the engineer will frequently build a 
machine M*, which can do more than the machine Wf 
originally specified (M*= M, in the notation of Gins- 
burg’). The decomposition concept should be generalized 
accordingly. 

Furthermore, more complicated decompositions ofa 
machine into a number of smaller components should 
be investigated, following to some extent the various 
decomposition schemes discussed by Ashenhurst!® for 
combinational networks. 

Evidently, suitable coding of the inputs and outputs 
may lead to simpler realizations of specified machines, 
e.g., to a reduction in the number of interconnecting 
leads of partially cascaded machines (Fig. 3). Further 
study should, therefore, also cover the input- and out- 
put-assignment problem in addition to the state-assign- 
ment problem. 

One would also have to investigate the possibility of 
programming (for available digital computers) a decom- 
position algorithm based on the method described. 
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On the State Assignment Problem for 
Sequential Machines II’ 


R. E. STEARNS{ anp J. HARTMANISt 


Summary—The object of this paper is to find state assignments 
for the internal states of a sequential machine such that the logical 
equations representing the machine are relatively simple. This is 
done by finding assignments for which the computation of a particular 
state variable depends only on the previous values of a small subset 
of the variables. 

The chief tool is the concept of a partition pair, which describes 
(loosely speaking) the information going into and resulting from the 
evaluation of a state variable. A necessary and sufficient condition for 
the existence of assignments with reduced dependence is found in 
terms of these pairs, and their algebraic properties are worked out so 
that they can be handled and generated. It is shown that the same 
methods can also be used to find input and output assignments with 
reduced dependence. 

The case of “don’t care” conditions is considered and the theory 
is seen to apply, except that the failure of an algebraic property makes 
it weaker. 


INTRODUCTION 


HE purpose of this paper, as in Part I,! is to 
“ae (binary) variables describing the internal 

states of a finite-state sequential machine so that 
the logical relationships among them are relatively sim- 
ple. This is achieved by assigning state variables so that 
each variable (at time t+1) depends only on a small 
subset of the variables (at time ¢). Although we recog- 
nize the fact that such assignments are not always best, 
we feel that they are generally far better than most as- 
signments and often best. Hence, we believe that such 
an investigation is worthwhile. 

Throughout the paper, it will be assumed that the 
reader is familiar with Part I, or else that he knows the 
basic properties of partitions. 

The chief tool of this paper will be the concept of a 
partition pair which generalizes the notion of a partition 
with substitution property used by Hartmanis.'? It 
will be seen that many of the results of Part I’ are special 
cases of the more general theorems derived in this report. 

Using the notation of Hartmanis,' we shall let M be 
a finite-state sequential machine with internal states 
See Se iputera= --,-1,,, and outputs-01, ~* 0, 
(the outputs are not necessarily all distinct). The be- 
havior of M is given by a flow table (Fig. 1). The left 
column gives the present state, the top row the inputs, 


* Received by the PGEC, February 28, 1961; revised manuscript 
received, August 28, 1961. y 

+ General Electric Res. Lab., Schenectady, N. Y. ; 

1 J. Hartmanis, “On the state assignment problem for sequential 
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2J. Hartmanis, “Symbolic analysis of a decomposition of in- 
formation processing machines,” Inform. and Control, vol. 3, pp. 
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and the table entries give the next state. The last row 
labeled Z indicates the output for each state. 

When variables yi, yz, - - - , yx have been assigned to 
designate the internal states of the machine, then the 
relations between the values of the variables at the pres- 
ent state and those of the next state are expressed by: 


Mi = f(y; ee 8 9 BAI 1); 


an abbreviation of 


yilt + 1) = fans), > - > , we), TO]. 


To show the need for a concept more general than 
that of a partition with S.P. (substitution property)! 
and to illustrate the general direction of this paper, we 
consider the sequential machine A given in Fig. 2. 


INPUTS 


: ® ouTPuTS 


STATES 


On 


Fig. 1—Flow table for a sequential machine. 


INPUTS 


Te 


STATES OUTPUTS 


AWN 


Fig. 2—Sequential machine A. 


Machine A is seen to have one nontrivial partition 
with S.P., namely { fees ie We use this partition in 
making the assignment shown in Fig. 3. (In this exam- 
ple we have assumed that we can also assign the input 
codes. A discussion of input assignments will appear at 
the end of the paper.) The relations between the old and 
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new state variables are given by: 
yy = iyi + UV 
Yo = Soyo + LoViy2 + X2ViV2 + LoyrVo 
Z= Vo. 


As predicted by Hartmanis,! y; can be calculated 
from itself and the inputs. The inputs have also been 
assigned to reduce dependence. Even so, the expression 
for y2 is rather complex because there are not any further 
partitions with S.P. to reduce the dependence of ye. 
Next we will look at an assignment given in Fig. 4 which 
does not use the partition with S.P. 

The equations for this assignment are: 


Vr = Xiy2+ X12 
Yo = Loy + XoV1 


ZB == Milo 


Both expressions are simple; yi depends on y2 and «; and 
yo depends on yi and x». This can also be seen from Fig. 
5 which shows a realization of A using this assignment. 


YM Ye Xi Xe 
| =5@ © i> On© 
2 =|) ©) lg—=>{| © 
STATES INPUTS 
>?) |e Iz>] | 
4->0 | i6—> On| 


Fig. 3—First assignment for machine A. 


Yi Ye X, Xe 
fb SoBe 18) Ii>0 0 
=Ogat =O 

STATES INPUTS ; 
au ae) Iz> 10 
45> hl a | Fea Pal eal 


Fig. 5—Realization of machine A using second assignment. 
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Notice how the machine is almost decomposed into two 
independent units,” except that the wires from memory 
have been crossed. One might call such a machine 
“cross decomposed.” : 

To understand the basic ideas utilized in making this 
assignment, observe that the first variable 1 is constant 
for the states 1 and 2 and for states 3 and 4. Thus this 
variable induces the partition m1=7(y1) = ae Desse 4} 
on the set of states of the machine A. Similarly, the 
second variable defines the partition m2.=7(y2) = {1, Be 
ele Neither of these partitions has the substitution 
property. On the other hand, it can be seen from the 
equations for the second assignment (or the flow table 
for this machine), that if we know in which block of 7 
the state of the machine is contained (that is the value 
of yi) then, for any input we can compute (yz) the block 
of ms. in which the next state of the machine will be 
contained. The same statement holds if we interchange 
mw, and m2. In other words, if there is some ignorance 
about the present state of the machine and we know — 
only in which block of 7; the state is contained, then the 
ignorance about the next state of the machine is given 
by m2, because we can compute only the block of 72 
which contains the next state of the machine. We shall 
refer to such partitions, describing the information flow 
in a sequential machine, as partition pairs on the ma- 
chine, and they will be the basic tool in this investiga- 
tion. In the following sections, we shall give precise 
meaning to these ideas, develop the mathematical prop- 
erties of partition pairs, and show their use in the study 
of sequential machines. 


PARTITION PAIRS 
Definition 1: 
A partition 7 ona set S is a collection of disjoint sub- 
sets of S such that their union is S. These disjoint sub- 


sets are called the blocks of 7 and are thought of as 
equivalence classes on the set S. 


Definition 2: 


A partition pair (7, 7’) on the states of a sequential 
machine M is an ordered pair of partitions on the set of 
states such that if S; and S; belong to the same block of 
a, then for each input J, 7S; and IS; are in the same 
block of w’. (1S; is the state the machine goes into from 
S; when input J is applied.) 

Thus, 7 gives the rows which we demand be identified 
in the flow table and 7’ sets up equivalence classes suf- 
ficient to accomplish these demands. This implies that, 
if (7, 7’) is a partition pair and we know only the block 
of 7 in which the state of the machine is contained, then 
we can determine for any input the block of 7’ in which 
the next state of the machine will be contained. Observe 
that if *=7’, then this definition reduces to the defini- 
tion of a partition with the S.P.1 It follows at once from 
Definition 2 that: 


Lemma 1: If (7, ©’) is a partition pair for a sequential 
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machine M and mo<7m and m'>7’, then (aq rand 
(@, To’) are also partition pairs. 

This merely says that we can decrease the demands 
or increase the equivalences and we will still have equiv- 
alences sufficient for our demands. 

To illustrate these ideas, consider machine B given in 
Fig. 6. For this machine 


(ra, 71) = ({1, 3; 2;4;5; 6}, {1;2;3, 554, 6}) 


is a partition pair because the identification of the states 
1 and 3 requires that the states 3, 5, and 4, 6 are iden- 
tified and this identification is sufficient. It can be seen 
from the flow table or Lemma 1 that 


(ro, T2’) = iac ot 6) ee Doro eo) 


is also a partition pair. Finally, note that the states 2 
and 4 can be put in the same block of 7; without im- 
posing any addition equivalences. Thus, we see that 


(rs, TY) = ({1,3; 2, 455; 6}, 11; 253, 5; 4, 6}) 
is also a partition pair for this machine. 


INPUTS Xj Xo 


DOZ-O1 4 


STATES OUTPUTS 


o-OOOOIN 


| 

2 
3 
4 
5 
6 


Fig. 6—Machine B. 


The reader may return to the discussion of machine A 
and verify that (71, 72) and (ze, 71) are partition pairs. 
The next lemma shows that partition pairs on a machine 
can be combined component-wise by the partition oper- 
ations to generate new partition pairs on the machine. 
The proof of this and the following lemma are given in 
the Appendix. 

Lemma 2: If (a, 7’) and (7, 7’) are partition pairs for 
a sequential machine M, then so are (7-7, m’-7’) and 
(x+17, 2’ +7’). (The algebra of partitions is discussed in 
Hartmanis!? and Birkhoff.* 

Before we can give the theorems relating independ- 
ence of variables and partition pairs, we need one addi- 
tional concept. 


Definition 3: 

If z is a partition on the states of a machine M, let 
M(x) =>7; where the sum is over the set of 7; such that 
(1, qm) is a partition pair. Similarly, define m(m) =U; 
where the product is over the 7; such that. (7, 7) is a 
partition pair. 


8G, Birkhoff, “Lattice theory,” Am. Math. Soc. Colloquium 


Publ., vol. 25; 1948. 


Stearns and Hartmanis: On the State Assignment Problem for Sequential Machines II 


595 


Lemma 3: If r is a partition on the set of states of a 
machine, then M(m) and m(r) exist and [M(), +] and 
[r, m(r) | are partition pairs. 

Thus, M(z) is the largest partition 7 such that (7, 7) 
is a partition pair and m(r) is the smallest partition such 
Chat cag Tis a pair. 

An easy application of Lemma 1 to Definition 3 shows 
that the M and m operations are Monotone: r<7 im- 
plies that M(7) < M(t) and m() <m(r). 

Returning to the discussion about machine B of Fig. 
6, we observe that M(73’) =73 and m(r3) =73’. We shall 
refer to such pairs later as Mm pairs, and their im- 
portance and properties will be discussed. 


PARTITION PAIRS AND ASSIGNMENTS 
WITH REDUCED DEPENDENCE 


The object of this section is to show that the notion of 
dependence of variables is equivalent to the holding of 
certain algebraic relations (information flow inequali- 
ties) among partitions associated with the variables. 
When we say that a variable depends only on a certain 
set of variables, we mean that the variable can be cal- 
culated from this set and the input independently of the 
value of the other state variables. We do not claim, how- 
ever, that this set is unique. 

Theorem 1: Suppose the states of a machine M are as- 
signed in variables yi, -- - , yx. For each 1, 1<7<k, let 
m(y:) be the state partition whose elements are in the 
same block if and only if they are assigned the same 
value of y;. If y;(t+1) depends only on the input and 
| y,(t) |7€P;} (P. is some subset of indexes), then 


tL ry,) < M[r(y)]. 


Fels 


This relation will be called an “information flow in- 
equality.” Its meaning is quite simple if one recalls that 
the largest partition (least amount of information about 
the present state) from which we can compute the block 
of 7(y;) in which the next state of the machine is con- 
tained is given by M[z(y,)]. The inequality simply 
states that if we can compute y; for the next state, then 
we must have at least as much information about the 
present state as is contained in M[1(y,) ]. A formal proof 
of this theorem is given in the Appendix. 

Example: In the case of machine A, assignment two, 
we have 


(ya) oe M[r(yx)] i (1,332,4), Je a {2}, 


and 


r(y1) = M[x(y2)] = {1, 2;3, 4}, Po = {1}. 


Theorem 2: If there is a set { (a, 7.')} of partition 
pairs for a machine M, and for each 7, there is some set 
P; such that Ijep,7;’<7;; then there is a state assign- 
ment such that each 7,’ is associated with a subset Y; of 
the variables and the variables in Y; at time +1 depend 
only on the values of the variables in Ujep, Y; at time ¢. 
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Proof: We assign the variables in Y; so that they are 
constant over the states in each block of 7,’, but are dif- 
ferent for states in different blocks. If the variables are 
binary, then Y; will have logs # (1,)| variables, where 
[x| is the smallest integer not less than x and # (7) is 
the number of blocks in z.! 

To show that this yields an assignment with the re- 
quired independence between the variables, note that if 
we know the values of the variables in Ujep, Y;, then we 
know the block of Ijep,7;’ which contains the state. But 
this tells us the block of 7; by the inequality Ujep,7;’ <7; 
and hence, the block of 7,’ into which the machine goes 
by the definition of a partition pair. Since the variables 
in Y; are constant on this block, their values have been 
determined from the values of the variables in Ujep, Y; 
as was to be shown. 

Note: If { (a;, 7;’) | satisfy the conditions of Theorem 
2, then so does { [M(m'), wi’ |} since 7;< M(m’). Con- 
sidering the sets Y; as single (not necessarily binary) 
variables, Theorem 2 gives us a converse to Theorem 1. 
Thus, Ujep,7;’< M(7;’) ts a necessary and sufficient con- 
dition for the existence of a state assignment with the Y; 
depending only on the Y;,7 in Pi. 

The total number of binary digits required to take ad- 
vantage of the partition structure described in Theorem 
2 is less than or equal to 


logs 2( [J m.’)1+ Me [logs #(m,’) |, 


where n(m) is the number of elements in the largest 
block of 7. (That this expression may yield an over 
estimate is shown by machine C in Hartmanis.!) The 
first term of this expression gives the extra variables re- 
quired to distinguish between states whose Y; assign- 
ments are the same if II7;’ #0. 

Returning to the machine B of Fig. 6, we see that 


(wo, wo’) = ({1, 2;3, 4; 5, 6}, {1, 2;3, 4;5, 6}) 
(ry 7 b=. () 15.3,.082)4,6) 113.5; 2, 4,6)) 
(m2, wo’) = ({1, 2, 3,4; 5, 6}, {1, 2; 3, 4, 5, 6}) 
(ws, 7s) = (1, 2;3,4, 5, 6}, (1,2, 3, 4:5, 6}) 


are partition pairs for this machine. To obtain an assign- 
ment with simple logical relations between the variables, 
we shall apply Theorem 2 using the last three partition 
pairs. It is seen that m’<7m, m3/<72, mo’<73, and 
™'+1'-1;'=0, the partition with one element blocks. 
Since 71’, 7’, and 73’ have two blocks each, we know 
that there is a three-digit assignment according to 
m1’, 72’, and 73’ so that y=fi(y, J), yo=fe(y3, Z) and 
ys =fs(ye, [). One such assignment is given in Fig. 7, The 
equations relating the variables of the old and new 
states are: 


Sik SS xo + XoV1 
Yo = x2Va+ xoys + x1 
Ys = x22 + ayo. 
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Note: Theorem 2 assures us of these functional inde- 
pendences (y; independent of yo and 9s, etc.) when mak- 
ing transitions for the six states in the flow table. It is 
only with careful filling of the don’t care conditions that 
these Boolean equations, which define an eight state ma- 
chine, also exhibit this independence. We shall see later 
(Theorem 5) when don’t care conditions are discussed 
that this can always be done. 

By assigning variables to distinguish between the 
blocks of 72’ and 73’, we have automatically assigned a 
pair of variables which distinguish between the blocks of 
Wo! m3’. Since Wo! +13’ = =) and m,=71, we see that 
these partitions have S.P. Thus, this assignment (Fig. 7) 
uses the two partitions 7 and 7» which have S.P. to re- 
duce the dependence between the variables,! but it 
further assigns the variables to the blocks of 7» in a way 
that is dependence reducing and cannot be done with 
partitions with S.P. The realization of this machine is 
shown in Fig. 8. 


XY Ye Ysz 

(=> OR OO 
22-5 (OPO 
aa ae | 0 
4:—> ls shiaO 
Si — >, Om taal 

Loi ere | Reel EL 


Fig. 8—A realization of machine B. 
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THE Mm Pairs 


In this section we shall define a special class of parti- 
tion pairs, the Mm pairs, and derive their basic algebraic 
properties which will enable us to generate and manipu- 
late the pairs for the analyses of sequential machines. 
The importance of the Mm pairs will be evident after 
we show in this section that all other partition pairs on 
a sequential machine can be generated from the Mm 
pairs. Since the set of all Mm pairs on a sequential 
machine is generally a lot smaller than the set of all 
partition pairs, the Mm pairs yield a more compact way 
of representing the structural information about a 
sequential machine. 


Definition 4: 


A partition pair (7, 7’) for a machine M will be called 
an Mm pair if and only if t= M(z’) and r’=m(r). 

This definition states that in a Mm pair (2, 7’), 7 is 
the largest partition (least amount of information) from 
which we can compute 7’ and, at the same time, 7’ is 
the finest partition (most information) that can be de- 
termined from 7. We shall now define a partial ordering 
for partition pairs which is helpful in visualizing struc- 
tural properties of machines. 


Definition 5: 

If (a, 7’) and (7, 7’) are partition pairs for a machine 
M, then write (z, 7’) <(7, 7’) if and only if <7 and 
ae ae 


If we restrict ourselves to Mm pairs on a machine, 


- then the ordering defined above can be determined from 


_m(m) <m(z). 


the first or second components of the Mm pairs as 
stated below. 
Lemma 4: If (a, 7’) and (7, 7’) are Mm pairs for a 


~ machine M, then z <7 if and only if 7’ <r’. 


To verify this result we recall that, if <7, then the 
monotonicity of the m operation implies that 
Since for Mm pairs, m(r)=7’ and 
m(r) =r’, this inequality implies that 7’ <r’. A similar 
argument shows that 7’ <r’ implies 7 <r. 

The next lemma gives a further property of the Mand 


_m operations and is important because of the two corol- 
_laries which follow. 


Lemma 5: If x is a partition on machine M, then 
M{m|[M(x)]} = M(r) and m {| M[m(r)]} = m(n). 
Proof: [M(m), 7] and { M(z), m[M(x) |} are parti- 


tion pairs by Lemma 3, and therefore (definition of m) 


m|[M(mr)|<z. By monotonicity M{m [M(a) |} < M(x). 
On the other hand, { M(x), m[M(x)]} is a partition 
pair, and hence, M{m[M(r)]} > M(r). Thus the first 


equality holds. The second follows by a similar argu- 


ment. ; 
From Lemma 5 and Definition 3 we obtain the next 


result. 


Corollary 1: For all partitions 7 on a machine M, 
| M(r), m|M(r) ]} and {M[m(r) ],m(rr) | are Mm pairs. 
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If for a machine M, 7 = M(r) for some 7, we shall call 
m a M-partition. Similarly, if =m/(r), we call + a m- 
partition. Corollary 1 says that each M-partition (and 
also each m-partition) belongs to some Mm pair. 

We see from the previous results that if (m7) 1S 4 
partition pair on a machine M, then 


| M(x’), m| M(x’) |} and | M[m(z)], mm) } 


are Mm pair on this machine. From this observation the 
next result follows: 

Corollary 2: Given a partition pair (7, 7’) for machine 
M, there exists an Mm pair (7, r’) such that 7 >7 and 
Tg ae 

Corollary 2 says that any partition pair can be ob- 
tained from some Mm pair (7, r’) by enlarging r’ and 
refining r. For an illustration, we return to the discus- 
sion of machine B following Definition 2 and observe 
that (71, 71’) is obtained from Mm pair (73, 73’) by re- 
fining 7; to 7, and enlarging (trivially) 73’ to 71’. Recall 
that Lemma 1 showed the converse, that any such en- 
larging of 7’ and refining of 7 results in a partition pair. 
Thus we see that the set of all Mm pairs describes the 
set of partition pairs and, in general, the set of Mm pairs 
is much smaller than the set of partition pairs. 

We now continue with the study of the algebraic 
properties of Mm pairs. We shall derive methods for 
combining the Mm pairs and show that the set of all 
Mm pairs on a machine forms a lattice under the order- 
ing of Definition 5. It is important to observe that a 
component-wise combination of two Mm pairs by the 
partition operations will, according to Lemma 2, yield 
a partition pair, but that this does not have to be an 
Mm pair. We can, however, as stated in the next two 
lemmas, add m-partitions to get m-partitions and multi- 
ply M-partitions to get M-partitions. This will be useful 
for generating Mm pairs. The proofs of these lemmas 
and Theorem 3 appear in the Appendix. 


Lemma 6: 
If r= M(x’) and r=M(r'), then 7-7T=M(rr'-7’). 


Lemma 7: 
If r’=m/(m) and r’=m(r), then r’+7’=m(r-+7). 
These two lemmas make it easy to prove the interest- 
ing algebraic properties stated in the following theorem. 
Theorem 3: The set of all 1/m pairs for a machine M 


under the order of Definition 5 forms a lattice. If (7, 7’) 
and (r, 7’) are Mm pairs, then, 


g.l.b. | (x, mw) 5 (75 r')} = [r-r, m(m-7) | 
and 
l.u.b. { (x, nr’), (tr, 7')} = | M(x’ +7’), 2+ r'|. 


We shall now discuss the computation of the Mm pairs 
to be used in the study of sequential machines. 
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Definition 6: 

If a and 6 are states of a machine M, then let zy be 
the partition on the states of M which identifies a and 6; 
but leaves the other states in one element blocks. 

Theorem 4: If (x, 7’) isa Mm pair, then 7’= Zm(qa), 
where the sum is taken over all 7,, such that 7,, <7. 

Proof: Since > as, (Tas, 7’) is a pair (Lemma 1) and 
m(Ta) <7’. Hence, 2m(ra) <7’. But 


aa dom (Tra) | =e [7, >om(ma) | 


is a partition pair by Lemma 2. Therefore, 2m(ia) 
>m(m) =7’ and the theorem is proved. 

Theorems 3 and 4 are important for purposes of com- 
putation. First we find the set | m(qas) \. a process 
which takes (1/2)n(n—1) calculations. Then we take all 
possible sums of these partitions. Theorem 3 assures us 
that these sums are m-partitions and Theorem 4 assures 
us that we can find all m-partitions this way. The M- 
partition 7 for m-partition 7’ can be found by inspecting 
the flow table or by using the obvious relation: t= Dra, 
sum over { crap| m(aas) <7}. In other words, sum over 
the 7,, such that (74, 7’) is a partition pair; we are just 
merging the rows of the flow table that are the same 
under the equivalence relation 7’. 


THE ANALYSIS OF A MACHINE 


We shall now apply the principles developed above 
to an analysis of machine C given in Fig. 9. 

First we calculate the m(7,3). To find m(ms), we look 
at the flow table and see that to identify rows 1 and 2, 
we must set states 1 and 3, 1 and 5 equivalent and by 
transitivity, then we must also have 3 and 5 equivalent. 
Thus 


m(m12) = (1,3, 5;2;4}. 


Continuing, we arrive at the following list of m(z.s) for 
machine C. 


m(112) = ita 2 = 1 


mais) = m(aas) = { 
{ 


mai) = m (a 35) = 


mm 15) — m (123) ad mr 25) = mA 34) = if 


m4) — {1550534} =e 4. 


Now that we have the m(7,,), we can forget about the 
flow table and work only with these partitions. 

To complete the list of m-partitions for machine C we 
consider all possible sums of the m(m,s). Adding non- 
empty subsets of them, we do not get any additional 
partitions. Summing over the empty set, we get (by 
definition) the zero partition. This completes our list of 
m-partitions. Now we start work on the M-partitions: 


M(m1’) aay DS Tab = 12 + m4 + 1a SIP 724, 


summed over m(tas) <7’. 
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Continuing, we get all the M-partitions: 


MG 
M(m1') = m = {1, 2, 4;3, 5} 
Mas!) = m2 = {1,35 254, 5} 
M(qs’) = ms = {1, 4; 3, 5; 2} 
M(ni) = ws = {1;2, 4;3;5} 
M(0) = 0. 


Combining the previous results we obtain a complete 
list of the Mm pairs and these contain the information 
about the information flow in the machine. The Mm 
lattice is given in Fig. 10 and the Mm pairs are the fol- 
lowing: 


(mimi) = (1,2, 4. 3,5) ie go) 
(wa, wa’) = ({1,3;2;4, 5}, {1, 3, 4; 2, 5}) 
(xs, re!) = (11,433, 5; 2te) 12 oe 
(a, wa’) = ({1; 2, 453; 5}, {1, 5; 2;3;4}). 


It is interesting to observe that the partitions with 
S.P. are easily obtained from this list. If 7 has S.P., 
then M(x)>a7>m(r). In this case, a can satisfy 
T3217 >7;', 1>ax>1, or 0O>r7>0. Thus there are two 
nontrivial partitions with S.P., and they are {1, 4; 2; 


Est and (1; 22355 -8 


| 
2 
states 3 OUTPUTS 
4 
5 
Fig. 9—Machine C. 
(1,1) 
I 
(7,7) 
| ' 
(1% ,7%) (™%I) 
(0,0) 


Fig. 10—Mm lattice for machine C, 
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Now we shall try to apply our knowledge about the = 
information flow in machine C to obtain a good state OE sl 2) 2s 3 ae 
assignment. Our objective is to make a three-digit bi- (Mra), re) = C1 U5 24338 Shy (175; 2,3, 41) 
nary state assignment reducing the number of depend- 7 
ences. In terms of partitions, we are looking for ee CS Fa a ae 
partitions 71, T2, T3; of two blocks each such that Min) > 
14(71) 2 73 My v2 ye 
T1°T2°T3 = 0 Mrs) > ras 1-0 0 0 
and M(7), M(r2), M(r3) are each greater than the M(r3) > m1-7s 219 1 0 
product of only a small subset of the partitions 71, To, 73. 
[Recall that M(r;) is the largest partition, or the least We Gee ofa ee 
amount of information, from which we can compute the PREP RS 
block of r; in which the next state of the machine is con- SS al 
tained.] Generally speaking, the larger the M-parti- 
_tions, the better chance of this happening. We observe, Fig. 11—Partition pairs, information-flow inequalities and 
for instance, that if a variable according to some parti- State assignment for machine © 


tion 7 is to depend only on a variable according to some 
other partition 7’, then t<M(r’) (Theorem 1) and 
M(r’) can have at most two blocks. In the case of ma- 
_chine C, the only such M-partitions are 7; and J. 
With this in mind, we decide to let r;=7, and later 
_ we will choose 7; to be a two-block partition that is an 
enlargement of 7’; hence, (73, 71) will be a partition 
pair and the state variable according to 7; will depend 
only on the state variable according to 73 and the input. 
The largest m-partition less than 73 is 73’, and hence *! 
M (73) =73’. 

We see that if we choose T2=72, then 72:73< M(r73) 
and we have additional reduced dependence. Finally, 
we have to choose 7;>7»’ so that 71:72:73;=0 and this 

_ can be done if states “1” and “4” are separated. Letting 

-7,={1, 3, 5; 2,4}, we get the inequality 71-72<M(r2) 
and 72 is independent of 73. This leads to an assignment 
requiring 42 diodes. 

An alternative choice for t, would be ie De Bh. 4} 
which gives the relation 72:73 < M(r2) and then enlarg- 
ing m7’ to = {1, 3, 4, 5; 2} which gives 71-72-73=0 and 
71:T3> M(r3). This leads to an assignment found by 

TT. A. Dolotta, shown in Fig. 11 along with the cor- 
responding partition pairs and information-flow in- 
equalities. It is interesting to observe that for either 
choice, the number of dependencies is the same. In the 

first case, the realization has the form shown in Fig. 

-12(a) and in the second case, the form shown in Fig. 

 12(b). Both choices utilize Mm pairs which are high on 
the Mm lattice. The actual logical equations for 
Dolotta’s assignment are given below: 


(m(T,),T, ) 


( 


M(T3), Ts) 


( ) 


M(T2),T2 


Vi Xv 
Vo = X13 a= X2V3 a LV2V3 = KVoVs 
V3 — Xi s + x01 an 1XV1 


ZZ => VoY3- ; (b) 
i i i requires only 30 diodes. 
ee nat the eae he { d 2 d assign- Fig. 12—(a) Realization for machine C resulting from first choice 
For the sake of Com petsor Dolotta found a bad assign of 72. (b) Realization for machine C resulting from assignment 
ment that requires 65 diodes. of Fig. 11. 
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Don’t CARE CONDITIONS 


A sequential machine with “Don’t Care”. (1)..C2) con- 
ditions is given by a flow table with some of the entries 
left blank. (See Figs. 13 and 14 for examples.) The ma- 
chine designer is left with the option of assigning values 
to the blank entries. 

The notion of a partition pair extends to such ma- 
chines if we change the phrase “7S; and JS; are in the 
same block” of Definition 2 into “JS; and JS;, if they 
have been specified, are in the same block.” 

In Lemma 2, the proof that (1-7, 7’-r’) is a partition 
pair goes through by making the same change of word- 
ing. The proof that (t+7, 7’+7’) is a partition pair, 
however, cannot be made to go through as the counter 
example in Fig. 13 shows. 

For machine D, (m, 71) and (m2, 72) are partition 
pairs, where m= | Ree 4} and m= He eX 4}, but 
(m1-+72, T1+72) is not a partition pair. Note also that 
a, and 7m, are furthermore partitions with S.P.,' but 
+, +7> does not have the substitution property. 


STATE'S 


STATES OUTPUTS 


NnRWDY — 


Fig. 14—Machine E. 


M(r) and m(r) are still well defined but [M(z), 7] 
need not bea partition pair as that part of Lemma 3 was 
based on the part of Lemma 2 which now fails. In other 
words, the set { 7 | (a, 1’) is a partition pair } has no 
lu.b. For machine D, (7, i1; Die eR 4}) is a partition 
pair for T= {1; Dee Heme and 7= ale 2,4; Me but not for 
i= ae D) 33 4} which is their sum. 

Theorem 1 remains true, but since [M(r), 7] may 
not be a partition pair, the theorem does not give a con- 
verse for the new form of Theorem 2 (Theorem 5). 

We shall now study the problem of filling in the D.C. 
conditions in order to be able to apply the previously 
developed theory. 

For a given set of partition pairs on a machine, it may 
not be always possible to fill in the D.C. conditions in 
the flow table with the states of the machine in such a 
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wav that the partition pairs still hold for the new ma- 
chine. For example, the D.C. condition in machine D 
cannot be filled with any of the four states of the ma- 
chine without destroying one of the two partition pairs, 


(11, 71) or (m2, 12). 


The following lemma gives a condition on the partition 
pairs under which all existing D.C. conditions can be 
filled with the states of the machine. 


Definition 7: 

The set of partitions {7}, 4=1,2,---,k, onaset S 
is said to be permutable if and only if the intersection 
N,*B, is nonvoid where B; is any block of m:. 

Lemma 8: If { (ai, 73’) ie i=1,---,k,isaset of par- 
tition pairs on the set of states S of a sequential machine 
M with D.C. conditions and the {7,’} are permutable, 
then the D.C. conditions can be filled with states from 
Sin such a way that { (ar, w:’)} are partition pairs on 
the resulting machine. 

Proof: We shall show that one of the D.C. conditions 
can be filled preserving the pairs (7;, 7;’) and the lemma 
will follow by induction. Suppose condition JS; needs 
to be filled in. Let B; be the block of 7; containing S;. If 
TS; is specified for any state S; in B;, let B,’ be the block 
of 7;’ containing J.S;. (Of course all such S; go into the 
same block.) If JS; is not defined for any S, in Bi, 
choose B/ arbitrarily. Now let JS; be any element in 
MB,’. Such an element exists because {7;’} are permut- 
able and we see that the (7;, 7’) are still partition pairs 
by the choice of B,’. Q.E.D. 

The previous lemma is quite strong because it states 
that under the given conditions, all possible sets of D.C. 
conditions can be filled with the states of the machine. 
We can loosen the conditions of the lemma and get a 
necessary and sufficient condition that a given D.C. 
condition can be filled preserving a set of partition 
pairs. 

Corollary 3: Let | (ws, w1')}, 1=1, 2, -* 3 Rk, bewtses 
of partition pairs for a machine with D.C. conditions. 
Then the D.C. condition for 7S; can be filled with a 
state of the machine, so that the given partition pairs 
are preserved if, and only if, the nonvoid blocks By,’ of 
m;’, into which the blocks B; (of 7,) containing S; are 
mapped, have a nonvoid intersection, NB;’ #@. 

The proof follows along the same lines as the proof of 
the previous lemma. 

Ordinarily, when a set of partition pairs has been 
chosen that satisfies certain information-flow inequal- 
ities which suggest a reduced dependence assignment, 
the permutability condition of Lemma 8 is not satisfied. 
We shall show, however, that the machine and parti- 
tions can be augmented in such a way that the partition 
pairs and information flow inequalities are preserved 
and the permutability condition satisfied. To ease the 
reader into the next lemma and theorem, we shall first 


illustrate the procedure on a specific example, machine 
E of Fig. 14. 
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Let m= tel DBAS, Gir = 1S rons 4} and 
13 = ae ean: 6}. Then (73, m1), (11, m2), and (mo, 
m3) are partition pairs for E and if there were no D.C. 
conditions to fill, we could expliot these pairs for a 
three variable state assignment so that y, depended 
only on yz; ye depended only on y;, and y3 on ys. There 
is, however, no way of filing the flow table blanks with 
the states of the machine so that this partition-pair 
structure is preserved. To see this, apply the results of 
the previous corollary. 
We shall now use the three partitions 7, 7, and 73 to 
make an assignment with reduced dependence which 
-_will also introduce additional states in such a way that 
the partition pairs are preserved. We shall give the 
_ theorems justifying this method after this example. 

The assignment exploiting 7, 72, and 73 is given in 
Bis. 15. 

There are values of these state variables (when 
1 =y2=1) for which no state has been assigned. We see 
that this binary assignment has, in a natural way, 
named two more states which do not appear in the flow 
table. These extra states can be added to the flow 
table leaving all new entries blank. Fig. 16 results. 

This new machine E’ has partition pairs (73, 71), (71, 
Saerand (72, rz) where 713=}1, 2, 3, 4; 5, 6, 7, ae T2 
ue ge5913,1409. 61. and rs= 1.1, 3) 5, 7; 2, 4, 6, 8}: 
The relations among the 7; are the same as among the 
mw; |1.e., ™3<M(m) and 73<M(ry), etc.|. The assign- 
ment by the 7; carries over to the 7; since the blocks of 
7; are in reality blocks of 7; augmented with extra 
states. Now that the state variables are allowed their 
full range of values, the D.C. conditions can be filled 
(Fig. 16 becomes Fig. 17) so that (73, 71), (71, T2) and 
(r2, T3) remain partition pairs. We get the following 
equations with the predicted dependencies: 


y= xoy3 + xs 
Xi = x1 


| 


5 Xoo + LoVe. 


We shall show that such a procedure can always be 
_ applied. 
Lemma 9: Suppose M is a sequential machine with 
D.C. conditions such that 
1) { ai, Ti’) t i=1,---,k, isaset of partition pairs 
on M; 
2) for each 1, there is an associated set of numbers P; 
such that [Leper Lay; 
3) Ihr,’ — O3 
- Suppose also that the state variables in the set Y; are 
assigned according to 7;/,7=1, °° -, k (the sets Y;, Y; 
are disjoint for 147); then M extends naturally to a ma- 
chine M’ with D.C. conditions whose states are the set 
of all m-tuples of variables in Y;, o=1,2,+*.-, &. The 
~ sets of variables in Y; induce partitions 7; on M’ such 
that {rs} are permutable, Ii7;=0, and {(T]ser,7175)} 
are partition pairs on M. 
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Y: Yo Ys 

| SOKO) Oyd8) 
2720 0 | 
Shee) IP 8) 
MS TSH) | 
5 >a ie Ome O 
(syed || teh fi 


Fig. 15—Assignment for machine E. 


X) Xe 
(OCTO MMM EO Iz 
(O00)) Gu ee eue allt 
Alcea: Bo Ze -se if 
3 (O10) 25 259 = 4 
STATES : (Ol! ) C S , c OUTPUTS 
5(100)}|3 - 6 ft 10 
6(I0l)|- 4 2 5 ||0 
T(MO) | - - - = ji- 
S CU) = = a 
=e 
Fig. 16—Machine E’. 
X Xe 
OO POlesimn Og 2 
@oOoOl| | GS 8 Silt 
(OO) 2S aera mere 
(WOQS|A2 8 wf = iil 
STATES (Ol) 4 © - 8 © OUTPUTS 

(100) S183 98260 ie 0 
WMO) Git <4 2 & jie 
(CUO) 57] (ee Oe 2 
CUD OU S ears eaml aa O cal 


Fig. 17—Machine E’ with D.C. state conditions filled. 


Proof: The machine M’ is obtained as E’ was obtained 
from E by adding a new state for each m-tuple of vari- 
ables in Y;,i=1, 2,---, 2, that was not assigned toa 
state of M and then filling the new entries of the flow 
table with D.C. conditions. 

We shall now show that the partitions 7;, induced by 
identifying all states which do not differ on the variables 
in Y;, are permutable. To see this, observe that picking 
a block B; of 7; corresponds to fixing the values of the 
variables in Y;. Thus, picking a block from each 7; cor- 
responds to fixing all the variables in Vi, Y2,---, Vis 
the state corresponding to this m-tuple is the one and 
only state contained in the intersection of B;, 1=1, 2, 

...,k. This shows that the 7; are permutable and (be- 
cause of condition 3) that 
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Finally. suppose /(Viija-- 4 V2, Jeandel (aes 
Y;!) are both specified by the flow table, where Y,? and 
Y;1 denote fixed sets of values for the binary variables 
je varthen (Yo = =), Yal)-ands( V7) ae! qa) ants 
be states of M, say S; and Si, since all the flow table en- 
tries are unspecified for the extra states. If S,; and S; are 
in the same block of IIp,7; they are in the same block of 
IIp,7;’, and hence, in the same block of 7; by 2). Since 
(7;, 7;') is a partition pair, JS; and 1S; must be in the 
same block of 7;’, hence in the same block of 7;. There- 
fore, { (jep,73, 7;)} are partition pairs. Q.E.D. 

The two previous lemmas can be combined to yield 
the next theorem describing the utilization of partition 
pairs for machines with D.C. conditions. 

Theorem 5: Suppose { (iz; 15) I, j= | er, 1S'a Set 
of partition pairs for a sequential machine M with D.C. 
conditions such that I," ;’=0 and there is some set of 
numbers P; for each 7 such that [Ler ay’ S73; and sup- 
pose a state assignment has been made associating vari- 
ables in Y; with 7,’ (Y; disjoint from Y,;if747). Then M 
can be embedded in a larger sequential machine M’ 
(without D.C. conditions) which has the same inputs 
as M, whose states are given by the variables in Y,, 
4=1,---,k, and such that the value of the variables in 
Y; at time ¢+1 depends only on the value of the vari- 
ables in Up, Y; at time t. 

Proof: We extend M by Lemma 9 and apply Lemma 8 
to fill the D.C. entries without destroying the partition 
pairs (IIp,7;,7;). The D.C. outputs are filled arbitrarily. 
Theorem 2 assures us that the variables assigned ac- 
cording to the m;’ which are also according to the 7, 
have the desired dependencies. Q.E.D. 

The importance of this procedure is that once the par- 
tition for the assignment of each set of binary variable 
has been selected, we can add states in such a manner 
that the D.C. conditions can be filled preserving the in- 
formation-flow inequalities and such that no additional 
variables are required to represent the states. 

Thus, when we have a machine with D.C. conditions 
and we don’t even care if they are filled with states not 
in the flow table (but implicity defined by the assign- 
ment variables), we can still use partition pairs to re- 
duce dependencies. The search for useful partition 
pairs, however, is hampered by the failure of the basic 
algebraic properties. 


INPUT AND OUTPUT ASSIGNMENTS 


In this section, we wish to explain how the theory of 
partition pairs developed in the previous sections gen- 
eralizes to give dependence relations between input and 
output, state and output, and even input and output. 
We have already seen in Figs. 2-4 that an expedient 
choice of input variables along with the choice of state 
variables can reduce dependence. Even if the inputs and 
outputs are specified, the machine designer may still use 
these generalizations to find state partitions which de- 
pend on a few of the given inputs or which determine 
reduced output equations. The basis of these generaliza- 
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tions is that partition pairs are designed to detect func- 
tional independence in mappings. Thus, for example, 
the first partition can be on the set of present inputs and 
the second partition on the set of next states (here the 
present states serve as the mappings) or the first parti- 
tion can be on the set of present states and the second 
on the set of outputs. 
First, we sketch the theory for inputs and states. 


Definition 8: 

An I-S pair (A, 7) on a sequential machine M is an 
ordered pair of partitions, \ on the set of inputs and 7 
on the set of states, such that if J; and 7; belong to the 
same block of \, then J;S and J;S belong to the same 
block of m for all states S. 

This definition is almost the same as that of a parti- 
tion pair, except that the first partition is on the col- 
umns (inputs) of the flow table instead of the rows 
(states at time ¢). In both cases, the second partition 
sets up equivalence among the table entries (states at 
time ¢+1). Thus these two concepts are the same except 
that the roles of the rows and columns are interchanged. 
The following are J-S pairs on machine A (Fig. 2): 
(UT, Tos Te, la 11s 3 eee te 
2,41) ,and (|e India, Ia) an eee 

Theorem 6: If the words “partition pairs” are changed 
to “I-S pair” in Definition 4, Lemmas 1-7, and Theorems 
3 and 4, then these lemmas and theorems still hold. 

The proof of this theorem has already been indicated 
by the previous remarks. The same change of wording 
makes all the proofs go through except for Lemma 2. 
In the proof of Lemma 2, we must also substitute J for 
S, S for J, and make other small changes required for 
this substitution to make sense. For example, we must 
change the words “for any input J, 7S; and IS;” to read 
“for any state S; 135, andihssa: 

Note: The lemmas, theorems, and definitions on the 
algebraic properties of partition pairs after Lemma 2 do 
not depend directly on the flow table of the machine. 
Thus, any system of pairs satisfying Lemmas 1 and 2 
satisfy the other lemmas and theorems. 

The analogs of Theorems 1 and 2 will necessarily be a 
little different because, in the first case, the names of the 
rows and the table entries had to be the same (as both 
were states) whereas in the present case, the columns 
have separate names. Nevertheless, the analogies are 
easy to formulate and we shall illustrate with a theorem 
corresponding to the note after Theorem 2. We use 
M*(r) to represent the largest \ such that (A, 7) is an 
I-S pair. 

Theorem7:lf {a;},i=1,---,n,are partitions on the 
states and {As} »j=1,> ++, m, are partitions on theme 
puts of a sequential machine M such that: 


1) State variables in Y; are assigned according to 7. 
2) Input variables in X; are assigned according to Aj. 


3) For each 4=1, - - - ,.”, P; is some subset of the 
numbers 1 to m. 
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Then the state variables in Y; depend only on the input 


- variables in Ujep,X; (and the other state variables) if and 


only if 


IL \; < M*(x,). 


IEPs 


This is proved using arguments similar to those for 
Theorems 1 and 2. 

An illustration of this theorem is provided by Fig. 8 
and the equations which precede it. The reader is in- 
vited to find the relevant J-S pairs and verify this. 

Similar results hold for outputs. For example, we can 


define S-O pairs and restate Theorem 7 using state for 


input and output for state. Returning to machine C 


(Fig. 9), we see that M’ ({0;1}) = {1, 2, 3, 4;5} where 
M’ is analogous to M and M*. Looking at the assign- 


- ment and partitions defined in Fig. 11, we see that 72-73 


Ew'(10; 1}) and z depends only on ye and y3 as seen 
in the resulting equation z=yoy3. The reader may also 
see from Figs. 2-4 how S-O pair ({1, 2; 3, 4}, {0; 1}) 
was used to eliminate a dependence. 

If one has a Mealy machine, he may also define an 
I-O pair and look for reduced dependence, but for the 
Moore machines, as used in this paper, the output is al- 
ready independent of the input. 


CONCLUSION 


In this paper, we have found, in terms of partition 


_ pairs, a necessary and sufficient condition for a state 


"assignment (and input assignment) to give reduced de- 


pendencies. We have shown that the pairs have some 
nice algebraic properties, enough to generate them from 


“the ra. The most difficult step is in choosing a set of 


partition pairs for the assignment such that the sets P; 


(Theorem 2) are small. Nevertheless, this is much easier 


than trial and error methods and little tricks such as 


‘looking for large M(z) can be helpful. 


When there are “don’t care” conditions, the main 
theorem, when suitably interpreted, still holds but the 
search for useful partition pairs becomes more difficult 


because of the breakdown of a basic algebraic property. 


APPENDIX 


Proof of Lemma 2 


If S; and S; are in the same block of 7-7, then they 
are in the same block of 7 and r. Therefore, for any in- 


put J, 7S; and TS; are in the same block of 7’ and 7, 
and hence, of 1’:7’. 


If S, and S; are in the same block of 7-+r7, there exists 


a sequence of states Si», Sm, °° * St, ho =1, Rn =], such 


that S;, and S;,,, are in the same block of a for r even, 


and in the same block of 7 for r odd. Therefore, for any 


input I, 7S;, and IS;,,, are in the same block of a’ for 


r even and the same block of 7’ for 7 odd. Hence, S; and 
 S; are in the same block of 4’-+r’. 
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Proof of Lemma 3 


Let J be the single-block partition and O the partition 
with one-element blocks. Then (7, 7) and (O, 7) are 
seen to be partition pairs. Using the notation of Defini- 
tion 3 and applying Lemma 2, [M(m), 7]=( Ziti, 
Dia) and [z, m(r)]=(I.z, I.r,) are partition pairs, 
since the sums and products are taken over nonempty 
finite sets. 


Proof of Theorem 1 


The partition I,ep,7(y,) identifies all the states which 
differ only in the variables, not in P;. Thus, if the states 
S; and S;, are in the same block of this partition, then for 
all inputs J, the states 7S; and JS; will be in the same 
block of w(y;), since y; depends only on the variables 
y;,j in P;, and we conclude that 


Bison 


gEP; 
is a partition pair. From Definition 3, it follows that 


II ry) < M[r]. 


jEP; 
Proof of Lemma 6 


Suppose 7* = M(r'-7’). Since (w-7, 7’-7’) is a parti- 
tion pair (Lemma 2), we know that 7* >7-7. By Lemma 
1esince (a**a=7!) is'a pair, so aren 4a mand (ae, a.) 
Thus, m*<M(e')=m and «*<M(’)=r. Theretore, 
a*<a and m*<r, which shows that 7*<7-7 and thus 
= aca 


Proof of Lemma 7 

Suppose 1*=m(a-+7). Since (#+7, m’+7’) is a par- 
tition pair, m*<m’+r’. Since (r+7, 7*) is a pair, so 
are (1, 1*) and (7, 7*). Hence 7* >a’ and 1* >7’, which 
implies that *>a’+7’. Thus wt=n’+r’. 


Proof of Theorem 3 

{M(xr'-7’), m(M(n'-r’)]} isa Mm pair by Lemma 5, 
and M(r'-r’)=7-r by Lemma 6. Thus by Lemma 4, 
this pair is a lower bound for (a, 7’) and (7, 7’). Since 
a7 is the g.l.b. for w and 7, this pair is the g.l.b. for 
Grim’) and Gyr): 

A similar proof holds for the second equality using 
Lemma 7 instead of Lemma 6. 
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A Truth Table Method for the Synthesis 


of Combinational Logic” 


SHELDON B. AKERS, Jr.f 


Summary—This paper describes a method for synthesizing a 
switching function directly from its: ruth table. A switching function 
is defined as any mapping of a set of binary input combinations onto 
0 and 1. Hence, the procedures apply equally well to the don’t care 
cases. The method rests on the concept»: alogically passive function 
(LPF). Roughly speaking, an LPF isa truth table which can be 
realized with only AND and OR gates—no inverters. Techniques 
are described for 1) making a function logically passive, 2) elimi- 
nating rows and columns from the truth table of an LPF, 3) synthe- 
sizing an LPF in a two-level irredundant form, 4) expanding LPF’s 
and 5) synthesizing LPF’s with 3-input majority gates. The under- 
lying methods are quite straightforward and appear to be particularly 
well suited for mechanization on a digital computer. 


I. INTRODUCTION 


N this paper, a method will be described for syn- 
[ thesizing combinational logic directly from the 

truth table of the switching function under consid- 
eration. No algebraic or topological manipulations are 
involved. The term switching function will be used in a 
general sense, 1.e., any mapping of a set of binary input 
combinations onto 0 and 1. The truth table for a switch- 
ing function will have one row for each z-bit input 
combination in the range of this mapping. While the 
truth table for the circuit realization of a switching 
function must have 2” rows (since the circuit defines an 
output for each of the 2” input combinations), the table 
for the function itself may have any number of rows 
(up to 2”). Thus, if a given function has certain don’t 
care input combinations this is denoted implicitly by 
the fact that these input combinations do not appear as 
rows in the truth table. 

Hereafter, when we speak of a switching function we 
shall mean the truth table which describes that function. 
Thus two switching functions will be said to be equiva- 
lent if and only if their truth tables are identical (within 
permutation of rows and columns). This is an important 
consideration. 

Consider the switching function of Table I: 


TABCE SL 
Hib WBE, F 
0 OW 0 
ib @ @ 0 
tk th 6 1 
@ 4 1 
Oat al 0 
Et lees 1 


* Received by the PGEC, October 24, 1960; revised manuscript 
received, May 12, 1961. 


+ Electronics Lab., General Electric Co., Syracuse, N. Y. 


Such a function is frequently specified by a Veitch 
diagram such as in Fig. 1 where the x’s denote don't 
cares. Now assume a fourth input, B, were available. 
Then the corresponding table (Table II) would be: 


TABLE II 
AN Bt ChB MEE 
0060.- 0 
i+ OOS dae 
1 tO 0a 
0: Oat feed 
QL) S1ee Ooeet 0) 
esr ae. 


These two tables are certainly not equivalent even 
though both are normally described by the Veitch dia- 
gram of Fig. 1. Now consider the function of Table III: 


TABLE III 
rab Jan (AD) F 
OOO wet 0 
Ope Oat 0 
(eet. One0 1 
Osc Ole rae 1 
ek) 0 
eel LAO 1 


Its Veitch diagram would be that shown in Fig. 2. Cer- 
tainly, the diagrams of Figs. 1 and 2 are not normally 
said to represent equivalent functions. Yet Table III is 
identical to Table II within a permutation (only the 
first two columns need be interchanged) and hence from 
our viewpoint the functions of these two tables are 
equivalent. 


A 
c 


Fig. 1—Veitch diagram for Tables I and II. 


Fig. 2—Veitch diagram for Table III. 
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_ Inother words, the problem of synthesizing the func- 
tion of Table I given that inputs A, B, and C are avail- 
able is not the same as when (as in Table II) the input 
B is also available. (In particular, an inverter would 
be required in the former case.) However, the problem 
of synthesizing the function of Table IT is exactly the 
same as that involved with Table III. (Once one func- 
tion is synthesized, the other may be realized by 
simply changing the proper inputs.) 

Before proceeding with a detailed description of this 
synthesis procedure, it is well to outline the steps which 
are to be followed. First, we shall introduce the notion 
of a logically passive function. Roughly speaking, a 


LPF is one which can be synthesized with only AND 


and OR gates; no inversion of the input variables is re- 


‘quired. A technique will then be described for making 


any given function logically passive by adding the 
complements of various input variables as additional 
columns of the given truth table. The reason for making 
the function logically passive is twofold: 1) Once the 
function has been made logically passive, a consider- 


able reduction of its truth table can often be made by 


TA. 


removing various rows and columns, and 2) the result- 
ing synthesis procedure for a LPF is much more 
straightforward than in the general case when inversion 
of certain input variables may be required. 

Having described the procedure for making a func- 
tion logically passive we shall proceed to techniques for 
reducing this logically passive truth table. First, a rule 
for eliminating variables (columns) will be given, then 
similar rules for eliminating rows. Finally, a method will 


be described for synthesizing this reduced truth table in 


a two-level irredundant form. 
The remainder of the paper will examine various 


‘properties of LPF including a method for synthesis 


with 3-input majority gates. 


II. NoTATION AND BAsic DEFINITIONS 


By a switching function F(x, x2, - ++, %n), we shall 
mean an (m+1)-column truth table defining for each 
n-bit binary input combination the corresponding 


- value of F (either 0 or 1). No assumption of logical inde- 
-pendence between columns will be made nor will any 
condition be imposed on the number of rows. The only 


requirement will be that the table be consistent, 1.e., no 
n-bit input combination shall appear twice—once with 
F=0 and once with F=1. 

The n-bit input combinations which appear as rows 
in the table will be referred to as assignments and de- 


noted by a’s and #’s. An assignment a1 will be said to 


amply a second assignment a if and only if a2 has 1’s 


wherever a, does. This relationship will be denoted as 


Qt, <a. Thus, (10100) < (10110), (100) << (100), (O)< (13; 
etc. 


1 Clearly, the a’s form a partially ordered set under this relation- 
ship. 
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Now we shall define a logically passive function. All of 
the results in this paper rest on this concept. 

Definition I—A function F(x, x2, - +--+, %n) will be 
said to be an LPF with respect to (x1, %2,-- +, xn) if 
and only if for any two assignments a, and a» if a;<az 
then F(a) < F(ap).? 

For example, consider the function defined by the 
following table: 


Ser) || 
Beol = 


F is not logically passive with respect to A, B, C be- 
cause (010)<(110) yet (010) <* F(110). However, if 
A were also available as an input then the table would 
become: 


ASA Because rT. 
O2= fie iat Ome 
i Oe tO et 
On tOe dea at 


and F would be logically passive with respect to A, A, 
B,and C. Thus, it is seen that the passivity of F depends 
directly on the variables available as inputs. 

Now a fundamental property of LPF’s may be 
proved: 

Theorem 1—Given a function F(x, x2, +--+, Xn), Fis 
an LPF of (#1, #2, °°* , %,) if and only if F can be syn- 
thesized using only AND and OR gates. 


Proof 


Sufficiency—It must be shown that if Ff can be syn- 
thesized using only AND and OR gates, then F must 
be an LPF with respect to its inputs. Assume F was not 
an LPF. Then, by Definition 1, it would be possible to 
find two assignments a and a, such that ai<a»y but 
with F(a1)=1 and F(a:)=0. Assume two such assign- 
ments are found and that the inputs to the circuit for 
F are divided into 3 classes: those which receive 0 under 
both a; and a» will be called a-inputs, those which re- 
ceive a 0 under a; and a 1 under ay will be called b-in- 
puts, and those which receive a 1 under both will be 
called c-inputs. (See Fig. 3.) (Note that no input can re- 
ceive a 1 under a; anda 0 under az since, by hypothesis, 
a <a.) Now assume all the a-inputs are tied to 0, the 
c-inputs are tied to 1, and the b-inputs are tied together 
as a single input. The result is a single input, single out- 
put circuit which performs logical inversion. But, by 
definition, F was built using only AND and OR gates. 
Hence, such a result is impossible and our original as- 


2 For a comparison of LPF’s with frontal and unate functions see 
the Appendix. All frontal and unate functions are logically passive. 
In fact, both Gilbert [7] and McNaughton [8] show explicitly that 
these functions have the property required by Definition 1. 
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sumption that the condition did not hold must have 
been false. (Strictly speaking, it should also be shown 
that AND and OR gates alone cannot be used to per- 
form inversion. However, this will be left as an exercise 
for the reader.) 

Necessity—Here we must show that if F is an LPF, 
then we can synthesize F using only AND and OR 
gates. Consider all assignments (a) for which F(a;) =1. 
For each assignment a; construct an AND gate having 
as inputs those variables which are 1 under a;. Put the 
outputs of these AND gates into a single OR gate. (See 
Fig. 4.) Now it is clear that we have a circuit which 


Ca ab) 
to) 0) 
() () 
) | 
b Oo 1 F 
{ ) \ 
i | 
c { \ I 
| | 
F (ox) = 1 F(e,) =0 


Fig. 3—Reduction of circuit to a single inverter. 


01100 Xs 
% 

x, 

1010! Xs 

Xs 

% X4 

oooll Xs 


Fig. 4—Two-level synthesis of an LPF. 


will have an output of 1 for each a;. What remains is to 
consider the assignments (6;) where F(8;) =0. Will the 
circuit have an output of 0 in these cases? Assume for 
some 8B; it did not. Then, at least one AND gate would 
have an output of 1, thus implying that all of its inputs 
were 1 under (6;. But if a; is the assignment which led 
to the construction of this gate, this means that a;<B; 
and, since by definition F(a;) =1 and F(G;) =0, this vio- 
lates the condition of Definition 1. Thus, each 8; must 
give an output of 0. 

(An analogous construction consisting of a bank of 
OR gates driving a single AND gate could have been 
obtained by examining the 0’s in each 6;.) This synthe- 
sis procedure will be referred to frequently in the rest of 
this paper. 
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III. Maxrnc A FuNcTION LOGICALLY PASSIVE 


Definition 1 provides a simple test for determining 
whether a given function is logically passive. Moreover, 
in the case of active functions this same technique can 
be used to determine which variables need to be com- 
plemented in order to make the function logically pas- 
sive.? Consider the function described by Table IV: 


TABLE IV 
A VE COUMEE: 
te Oeet 
1 ROMMIOMEG 
Or O asin 
O Siero ame 


Is F logically passive with respect to A, B, and C? 
And, if not, what variable, or variables, must be com- 
plemented in order to make F logically passive? Apply- 
ing Definition 1, it is seen that the condition is violated 
by the second and third rows of the table, z.e., (001) 
<(101) but F(001) € F(101). Hence we conclude that 
F is not an LPF with respect to A, B, C.* This situation 
can be remedied by adding a fourth column to the table 
which will have a 0 in the second row and a 1 in the 
third. The third assignment will then no longer imply 
the second and the condition of Definition 1 will not 
be violated. Obviously, the column (variable) to add is 
A yielding the following Table V5 


TABLE V 
A AB CS 
Olt sat SOT 
CUM Bou vee Bn na? 
1240-108 ein = et 
1003S 6 


Now the condition of Definition 1 is satisfied and F is 
an LPF of A, 4, B, and C. Note that whenever the con- 
dition of Definition 1 is violated, there will be at least 
one variable whose complement may be added to the 
table to resolve the violation. This follows from the 
fact that if there were not such a variable then the two 
assignments under consideration would have to be 
identical, yet the corresponding values of F would be 
different. This would mean that the given table was 
logically inconsistent thus violating our original hy- 
pothesis. 


* A different procedure for finding those input variables which 
appear complemented in the two-level form is given in Caldwell [1]. 
_ 4 Perhaps an easier way to remember the condition of Definition 1 
is: Given any two rows of the truth table for F, where F is 0 in one 
row and 1 in the other, there must exist a column which has a 0 
and a 1 in the corresponding rows. 

_ §® If some other function of A, B, and C had been available as an 
input and had a 0 in row 2 and a 1 in row 3 this would obviously 
have worked as well as A. 
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» It is worth noting that by use of the technique em- 
ployed in the latter half of the proof of Theorem 1, we 
can synthesize F directly from Table V. Thus, by not- 
ing the units in the rows where F is 1, we obtain 


EOS WAM ay Ken 
or by a similar inspection of 0’s where Fis 0: 
F=(AVC)AV B). 


In terms of a Veitch diagram, the function of Table V 
is shown in Fig. 5. Note that the complications which 
often arise when synthesizing a function having don’t 
care conditions were avoided by this passive function 
approach. In fact, all of the methods of this paper are 
actually made simpler with don’t care conditions since 
this means fewer rows in the truth table under consid- 
eration. 


A 


c 


Fig. 5—Veitch diagram for Table V. 


In summary: to make a given function logically pas- 
sive, consider any case where the condition of Definition 
1 is violated, 2.e., any a; and a, where a1<a2, F(a1) = 1, 
and F(a.) =0. There will exist an x; having a 0 in a; and 
a 1 in a. (Otherwise the given table will be inconsistent.) 
Add #; as an additional column. Continue in this manner 

~ until all such violations have been resolved. 


IV. ELIMINATING VARIABLES 


It is well known that if eliminating a variable from 
any given truth table results in a table which is still 
consistent, then any circuit realization of this reduced 
table will also be a realization of the original table. It is 
easily seen that this same property holds for LPF’s, 2.e., 

_if eliminating a variable from the table for an LPF re- 
sults in a table which is also logically passive then a 
circuit realization of this reduced table will also be a 
- realization of the original table. To see this we have 
_ only to note that if a table is logically passive then from 
the definition it must be consistent. 
Having just examined the problem of adding addi- 
~ tional input variables (columns) in order to make a 
~ function logically passive, it is natural to ask if a similar 
procedure will allow certain variables to be eliminated. 
- Consider the function in Table VI. 

Application of Definition 1 shows that Fis not passive 

with respect to A, B, and C because of the implication 
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between (001) and (011). However, if B is added, this 
violation is removed as shown in Table VII. 

Now Fisan LPF with respect to B, A, B, and C. How- 
ever, wouldit still be logically passive if oneor more of the 
variables were eliminated from the table? Obviously, if 
the elimination of a variable yields a table which still 
meets the condition of Definition 1, then F is still an 
LPF and hence can be passively synthesized without 
the eliminated variable.® Thus, in Table VII, the input 
variable, B, may be eliminated without disturbing the 
passivity of F. 


TABLE VI 
AaBACIEG 
O08 0 20) 
feet Oise 
CeO ke ol 
Crete 2.0 
TABLE VII 
BeAr B UGE 
1e0s 0 1.0am ar) 
Ont Oh 20a i 
it One OMal 1 
ORO ale teen 
TABLE VIII 
BAe Comer 
{A LOwsOne a0 
O'eed Oneal 
1540s ieee 
0 10/0) WO 


Now, we may again synthesize F directly from Table 
VIII as 


Aa eps 
or, in the product of sums form, as 
F=AVGAay Bs). 


The Veitch diagram corresponding to this function is 
shown in Fig. 6. Note that in synthesizing F all of the 
don’t cares were assigned 0’s or 1’s without explicit 
examination. 


Fig. 6—Veitch diagram for Table VI. 


6 A more formal procedure for eliminating variables is given by 
Theorem 3 in Section VII. 
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V. TRuTH TABLE REDUCTION 


Not only can we use the fact that a function is logi- 
cally passive to eliminate columns from its truth table, 
we can also eliminate many of the rows. Consider the 
following function in Table [X. It is easily confirmed 


TABLE IX 


Q 


FPOrOrOorR SD mh 
FPR OOCOrFF OO & 
Pree OOCCoO 

| RROOROCS | ty 


that Fis an LPF of A, B, C. Now consider the first two 
rows of the table. These state that F(000)=0 and 
F(100) =0. But do we really need the information that 
F(000) must be 0? We know that Fis an LPF and since 
(000) < (100) it follows that since F(100) =0 then F(000) 
has to be 0 in order for F to be logically passive. There- 
fore, knowing that F is an LPF we would be perfectly 
justified in eliminating the first row from Table IX. By 
similar reasoning we note that since F(011) = F(111) =1 
and (011)<(111) we may eliminate (111) from the 
table. These rules for eliminating rows may be expressed 
as follows: 

Theorem 2—Givena function F(x1, x2, +: + ,xn),where 
Fis an LPF with respect to (x1, x2, - - - , %n) for any two 
assignments a; and a2 where a; <a, if F(a1) = F(a2) =0 
then a, may be removed from the table and if F(a;) 
= F(a2) =1 then a, may be removed. 

Applying Theorem 2 to Table IX we see that the first, 
second, fifth, and eighth rows may be eliminated leaving 
Table X. 


TABLE X 
A Ih (GAD 
@ il 0 0 
He nk 1 
i @) il 0 
Ome iaet 1 


Again F may be synthesized directly as 
F= ABV BC 

or as 
Te BCAA Ge 


This property of being able to eliminate rows from 
the truth table is an important feature of logically 
passive functions. Roughly speaking, this means that 
the number of rows (and hence the number of bits) in 
the truth table of an LPF depends not on the number 
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of variables involved but rather on the relative com- 
plexity of the function itself. Thus, a simple LPF of 15 
variables will have even fewer bits in its reduced truth 
table than many functions of 4 or 5 variables. Particu- 
larly with the problem of synthesizing functions, this 
means that the number of bits to be considered corre- 
sponds closely to the number of logical elements re- 
quired for the function being synthesized. 


VI. LoGicaALLy PASSIVE FUNCTIONS AND 
PARTIALLY ORDERED SETS 


As has already been observed, the rows of the table of 
a switching function form a partially ordered set under 
the binary relation <. In particular, this means that 
they may be represented by a Haase diagram. A better 
insight into the foregoing can be obtained by considering 
these diagrams. In this type of diagram the elements of 
the partially ordered set (in this case the binary assign- 
ments) are represented as points of a linear graph with © 
the property that if a1 <a, then 1) a, appears on a higher 
level than a; and 2) a; is connected to az by ascending 
lines. Consider the function of Table XI. Under the < 
relation these 14 four-bit assignments form the par- 
tially ordered set shown in the diagram of Fig. 7. In such 
a diagram one element is said to cover a second if it is on 


TABLE XI 
ALB CED F 
ORO 020 0 
Ose OmnO 0 
One ecOna( 0 
Le Om) 1 
OR Osean 0 
SO ay 1 
te lee The 1 
OS OO Re 1 
Lee Os Ome at 1 
Wo ae Gi val 0 
1d Oat 1 
Ee Utes 1 
Ope tet 0 
ee toe bos 2 1 


Fig. 7—Haase diagram for Table XI. 
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‘a higher level and connected to the second by a single 
line. Thus (1111) covers (0111), (1001) covers (1000), 
etc. Now if we define the function of Table XI by indi- 
cating by checks those assignments for which F is to be 
1 then Definition 1 may be restated as: Fis an LPF with 
respect to its inputs if and only if on the Haase diagram 
of its assignments no unchecked assignment appears 
above a checked assignment. 

Inspection of Fig. 7 shows that F is not an LPF with 
respect to the given inputs since (0101) appears above 
(0001). To remedy this condition it is necessary to intro- 
duce a fifth input so that this particular implication re- 
lation will no longer hold. Obviously the input which 
will accomplish this is B. The resulting diagram is 
shown in Fig. 8. With this additional input, certain of 
the lines of Fig. 7 disappear; in particular the one be- 
tween (00011) and (01010). Hence, Fis now an LPF. 

In terms of this new diagram, Theorem 2 states that 
since F is an LPF we may remove any checked assign- 
ment which appears above another checked assignment 
and likewise for any unchecked assignment which ap- 
pears below another unchecked assignment. Thus, we 
are left with the diagram of Fig. 9. By examining the 
checked and unchecked assignments, respectively, we 
obtain the two two-level forms of F as 


F = AB\/ ABC\ BD 
and 


F=(A+B)(A+B+D)(B+C+ D). 


ABCDB 
iio 


Fig. 8—Haase diagram with B as additional input. 


ABCDB 
‘e O11lO 
- 
2 11000~% 10101 
| 
e000” 10001 00101 


Fig. 9—Reduced Haase diagram. 
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VII. SynTHEsIs or LoGicaLLy PAssitvE FUNCTIONS 


The careful reader will have noted that neither of the 
forms just given for the function of Table XI is irre- 


dundant. Thus, the sum of products form can be written 
as 


P= AB NAGA BD 
and the product of sums form as 
PSA | BAR D) (BCE aD). 


We conclude, therefore, that some additional tech- 
niques will be required if such redundant forms are to be 
avoided. It is worth noting, however, that the synthesis 
procedure already described (in proof of Theorem 1) will 
often result in an extremely simple form for the function 
if not the simplest. As such, it affords a quick method for 
obtaining a realistic upper bound on the number of 
logical elements which will be required to synthesize the 
given function. In the case just considered for example, 
it was shown that Table XI reduced to that of Table 
XII. From the rules for synthesizing F, it follows that 
an upper limit on the number of gates in the sum of 
products form will be one more than the number of rows 
where F is 1, in this case, four gates. Similarly the num- 
ber of diode-inputs will be precisely the number of units 
in these rows (including those in the F-column), in this 


TABLE XII 
AB CD Bae 
ie iO OnO eee 
1h 0 as Oar eae 
(Ee sel 
et awe LN 2 
{Ouch OonIEs BO 
Oo OMe ON ieee O 


case, ten. Thus, we know immediately that F can be 
synthesized in the sum of products form with at most 
four gates and ten diodes. (Actually, as we have seen, 
four gates and nine diodes are required.) Likewise by in- 
specting zeros in the rows where F is zero, we see that 
the product of sums form also requires at most four 
gates and ten diodes. 

Now consider what additional steps must be taken in 
order to obtain an irredundant two-level form for /. We 
shall use irredundant in the sense of Quine [2], z.e., a 
form will be said to be irredundant if, in its two-level 
realization, no input lead may be replaced by a constant 
without altering the value of the function. 

Only the problem of finding the irredundant sum of 
products form will be considered since the dual pro- 
cedure for the product of sum form will then be obvious. 
Consider again the LPF of Table XII. The second row 
of this table requires that for the input (10101) the out- 
put F must be 1. If F is to be constructed in a sum of 
products form, this means that there must be at least 


610 


one AND-gate with only the inputs, A, C, and B or 
some subset thereof. This is the heart of the problem. 
Which inputs must be there and which can be omitted? 
Once again, Definition 1 affords a simple test for finding 
which inputs are required. 

Suppose in this case A did not appear as an input to 
this AND-gate. Then F would be 1 not only for (10101) 
but also for (00101). But note that (00101) already ap- 
pears in the table with the requirement that F be 0 for 
this assignment. Hence, to avoid this contradiction A 
must appear as an input to the AN D-gate corresponding 
to (10101). Let us denote this fact by circling the A-unit 
in the second row and call such a unit an essential unit. 
Likewise, the A-unit in row 1 is essential since, if it were 
made a 0, F would be 1 for (01000), and yet according 
to the table F is 0 for (01110). And since (01000) 
<(01110) this would violate the condition of Defini- 
(etoya aks 


In summary: 


Definition 2—Given an assignment a; where F(a;) =1, 
a unit in @; is an essential unit (and hence is circled) if 
and only if when this unit is replaced by a 0 the resulting 
assignment implies some other assignment 6; where 
(6) 0: 

Thus, we see that for Table XII all but one of the 
units in the three rows where F is to be 1 are essential. 
(See Table XIII.)This procedure of finding essential 


TABLE XI 


AB ECD SB 
Gy @in0 a0 OMe Et 
On0-@ 02 Le 4 
YOR Oraore a 
Oia eee wet) eee 
iLO OlOn tas 
Onr0'es es Orscin =O, 


units also provides a check on those variables which can 
be eliminated since: 

Theorem 3—Given an LPF Fy, 43, > * +) x4); a vari- 
able x; can be eliminated if and only if its column con- 
tains no essential units. 


Proof 


From the definition of an essential unit it follows that 
given an assignment a; toan LPF, F where F(a;) =1,a 
unit in column x; of a1 is essential if and only if there 
exists an a such that) F(a.) =0 and 2) x; is the only 
variable with a one in a; and a 0 in a. But this is pre- 
cisely the condition (as discussed in Section IV) under 
which x; cannot be eliminated. 

Returning to the example, application of Theorem 3 
to Table XIII shows that none of the variables can be 
eliminated. Now for any assignment a; where F(a;) =1 
let a,;* denote the assignment obtained by making 0 all 
units in a; which are not essential. Thus, for Table XIII 
the three a@*’s would be (11000), (10100), and (00011), 
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respectively. It then follows directly that for any @;* if 
there does not exist a B; where F(B;) =0 such that a; <A; 
then the product defined by the units in @,* must ap- 
pear in the irredundant sum of products form tor 2s" 
Such products will be called essential products. In this 
case none of the a;*’s imply any of the assignments 
where F is to be 0, so that the irredundant form for F 
may be read directly from the a,*’s as, 


=A BA DAC N eB ID. 


Note that when there is only one irredundant form for 

F, this procedure will automatically find it. However, 

if there is more than one irredundant form, one addi- 

tional step must be included in order to reduce F to one 

of these irredundant forms.® This final step consists of 

selecting any unit which is uncircled in an a; where 

F(a;) =1 and changing it to a 0. Essential units are now 

recalculated (all the old ones will remain, but some new 

ones may appear in the a; where the unit was changed to. 
a 0) and the process proceeds as before. 

Let us now summarize these steps and illustrate them 
with two examples from the literature. (We will denote 
assignments where a given F is to be 1 by a’s and> 
assignments where F is to be 0 by #’s.) It is understood 
that the given function is logically passive or has been 
made logically passive by the procedure of Section III.° 


1) Reduce table by removing rows. (If a;<a;, remove 
a;. If B;<8;, remove 8;.) 

2) Circle all essential units. (A unit in a; is circled if 
changing it to a zero would result in a; implying 
some §;.) 

3) Reduce table by removing columns. (A column 
(variable) is eliminated if it contains no essential 
units. As each column is eliminated Steps 1 and 2 
should be repeated. When all columns have essen- 
tial units proceed to Step 4.) 

4) Extract essential products. (The essential units in 
a; constitute an essential product if collectively 
they do not imply any §;. As each essential prod- 
uct is found, record it, delete its row and all other 
a;’s which it implies. Return to Step 3. If no essen- 
tial products are found, proceed with Step 5.) 

5) Eliminate an inessential unit. (Change an inessen- 
tral unit to zero. An inessential unit is an un- 
circled unit in an a;. Return to Step 1.) 


The process is complete when all a,’s have been re- 
moved from the table. To illustrate this procedure, con- 
sider the function given by Table XIV."° Application of 


‘The products derived of this step constitute what Quine [2] 
calls the core of the function. 

8 In some cases it may be desired to find all irredundant forms 
for F (see Mott [4], for example). This is also possible with this 
procedure but will not be discussed here. 

_ °* The quickest way to make a given F into an LPF is to simply 
include all the complements of the variables. The unneeded ones will 
subsequently be eliminated. 

© This example is taken from Caldwell [1] where the two-level 
form is found using Karnaugh maps and by the Quine-McCluskey 
method [2, 3]. The don't cares have been included in Table XIV for 
convenience in comparing it with these two examples. 
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' Definition 1 shows that X must be added. (Specifically, 
X must be included because otherwise (0010) <(0110).) 
In Table XV, X has been added, the three don’t cares 
deleted, and the rows regrouped as a’s and B’s. 

Now Step 1 is applied with the result that two a’s and 
four 6’s are deleted leaving Table XVI. Essential units 
are then circled according to Step 2. Since no units are 
circled in the X-column, X can be eliminated by Step 3. 
Application of Step 4 shows that three essential prod- 
ucts may be extracted: XY, YZ, and WZ. Moreover, 
the remaining row (10011) is implied by the essential 


product WZ so it, too, is eliminated and the process 
ends. Thus, 


B= VV ZN WZ. 
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In this example there was only one irredundant form 
for F. Hence, Step 5 was not required. Now consider the 
the function described in Table XVII." All the comple- 
ments are needed to make the function logically passive 
and these with the essential units circled are shown in 
Table XVIII. Step 1 may be skipped to start since 
whenever each column appears both complemented and 
- uncomplemented, there can be no implication between 


i i is j Harvard 
il This example is taken from Phister [5] where the 
Chart Method Eieetnloved to obtain the irredundant forms. 
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rows. All columns have essential units, so we proceed to 
Step 4. Inspection of Table XVIII reveals two essential 
products: ABC and ABD. When these two rows are re- 
moved plus the two other rows implied by these essential 
products the B column becomes all zeros (in the a’s) so 
that it, too, may be removed. The result is Table XIX. 


TABLE XVII TABLE XVIII 
AS BaiGieD PF AL TB IG IDE A TBR (CID) F 
Gey 9@ 1 OP XO) Oe a i (a) 1 
OORROTS 1 0 7 © td Oo @G@o 1 1 
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Lee Olea.) 0 
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Step 4 is now repeated but no further essential products 
are found. Therefore, we proceed to Step 5. Let us select 
the first inessential unit in the A-column, 7.e., the first 
unit of (1000111). This is changed to a zero and we re- 
turn to Step 1. The first row may now be eliminated 
since it is implied by the new fourth row. Likewise, at 
Step 2 the fourth row receives another essential unit in 
the D-column. (Note that immediately after Step 5 the 
only row which can receive new essential units is the 
one where a unit was changed to a zero.) The result of 
these steps is Table XX. Step 4 now yields the addi- 
tional essential product, CD. Variables C and D go out 
as well as three of the remaining a’s and two of the f’s. 
After finding essential units, Table X XI results. Both 
a’s now have essential products, namely: ABC ‘and 
ABD. Thus, F is found in irredundant form as: 


F.= ABCY ABD CD VV. ABC V ABD. 
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TABLE XX TABLE XXI 
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Happily, this is one of the two irredundant forms 
given in [5]. Selection of other inessential units at Step 5 
will lead to the other irredundant forms. Actually, there 
are five irredundant, sum-of-products forms for this F. 

As mentioned earlier, there is a duality between the 
steps for finding / in an irredundant sum-of-products 
form and those for a product-of-sums form. In fact, to 
find the steps for the latter case the five steps need 
merely be modified as follows: 


a and £, 

< aig = 

unit and zero, 
product and sum. 


Interchange: 


Before leaving this section on synthesis, several com- 
ments seem appropriate. The reader’s first reaction to 
the foregoing may well be that the one thing which the 
general area of switching circuit theory does not need is 
another method for synthesizing combinational logic. 
However, this method does offer several features which 
may make it more desirable in certain applications: 


1) It is completely general with regard to the switch- 
ing function to be synthesized, 7.e., any mapping of 
binary input combinations onto 0 and 1 can be 
handled. Don’t care conditions not only do not 
cause complications but rather reduce the number 
of input combinations to be considered. 

2) By initially removing rows from the truth table 
(via Theorem 2) a considerable reduction in the 
number of bits to be processed can often be 
achieved. 

3) Realistic upper bounds on the number of logical 
elements required for the sum-of-products and the 
product-of-sums forms are available immediately 
from the reduced truth table. 

4) The actual synthesis procedure may be carried out 
completely on the original truth table, i.e., rows 
and columns are crossed out, essential units are 
circled, essential products are checked, etc. No 
auxiliary charts, maps, or prime implicant tables 
are required. 

5) The entire synthesis process involves only one 
non-trivial operation—that of determining 
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whether one binary number implies another. As 
such it is especially suited for programming on a 
digital computer.'” 


It is difficult to make a detailed appraisal of the merit 
of this procedure relative to such standard methods as 
Quine- McCluskey [1-3] or Veitch diagrams and Kar- 
naugh maps [1, 5]. For this reason, we have deliberately 
chosen examples which have been treated elsewhere by 
these methods. We shall limit our remarks, therefore, to 
pointing out some advantages and disadvantages of 
each method. 

The Veitch diagram-Karnaugh map approach seems 
to be definitely superior for problems involving a small 
number of variables, up to five or six. Not only are 
these diagrams easy to handle, but also the user gains a 
valuable insight into the process itself. However, they 
quickly become unwieldy for greater numbers of 
variables. 

The Quine-McCluskey method is widely used and > 
most other methods rest on its basic concepts. It is es- 
pecially effective when the total number of assignments 
for which Fis to be 1 (or 0) is small compared to 2”. One 
main disadvantage, as with many related methods, lies 
with the length of the list of prime implicants which 
must be initially generated and subsequently examined. 
For large problems the number of entries on this list 
may well exceed 2”. 

The apparent advantages of the LPF approach are 
enumerated above. At least two disadvantages are: 
1) with complete switching functions (no don’t cares) all 
2” rows of the truth table must be specified initially 
(although hopefully many will subsequently be elimi- 
nated). This is in contrast to the Quine-McCluskey 
method where only the rows for which Fis to be 1 (or 0) 
need be listed. 2) Because it is specifically tailored for 
use on a digital computer, using this method for hand- 
computation can become tedious although certainly it 
is not complicated to apply. 


VIII. SomE GENERAL PROPERTIES OF 
LOGICALLY PASSIVE FUNCTIONS 


Practically all of the properties and procedures as- 
sociated with Boolean functions have their counterparts 
with LPF’s. Thus, equations involving LPF’s may be 
solved, methods exist for decomposing LPF’s, sym- 
metric LPF’s may be identified, etc. Here, however, we 
shall limit our discussion to a few of the more basic 
properties. 


“ In this regard, the above procedure (extended to accommodate 
multiple outputs) is currently being employed as the basic algorithm 
in the SYLO (SYnthesis of LOgic) program. This program (orig- 
inally written for the 704 and now rewritten for the 7090) provides 
automatic synthesis of multiple-output combinational logic using 
preselected logical elements, e.g., AND-gates, OR-gates, inverters, 
NOR-gates, majority gates, and subject to various engineering con- 
straints such as fan-in, fan-out and number of levels of logic. Using 
this procedure, the synthesis in two-level form of a B.C.D. serial 
adder (9 inputs, 5 outputs) takes approximately one minute. Syn- 
thesis of a function such as in Table XVII takes a matter of seconds. 
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A. Expansion Of Tide is 


Given a Boolean function G(x, x2, + - - , x), it is well 
known that G can be expanded about a variable, e.g., 
vy as: 

G(£in-%p,, > * Xn) = 01GU, xo: > 


VV 1G (0, 2B 


un) 
2 SH): 


By repeated applications of this relation, expansion 
about any subset of the basic variables may be obtained. 
Similarly, using the concepts of a Boolean difference 
(see [6]) G can be expanded in a manner analogous to 
the classical Taylor and Maclaurin series expansions." 

In order to investigate the expansion of LPF’s, one 
further definition is required: 

Definition 3—Given an LPF, F(x, x2, - +: , %n), de- 
scribed in truth table form, */! will denote the function 
whose truth table is obtained by deleting from the table 
for F all rows where both F and x; are 0 and then delet- 
ing the column, x;. Similarly **F° will denote the func- 
tion whose truth table is obtained by deleting all rows 
where both F and x; are 1 and then deleting the x,- 
column. 

Table XXII shows this definition more clearly. Note 
that both “Ff! and 7‘ F° will be LPF’s. The justification 
for eliminating the x; column is obvious since x; has no 
0-1 pairs in common with either *F* or with *F°. 
Furthermore, it can be seen from the table that F can be 
expressed as: 

| ie ed aN ad (1) 
or as 


Aa (2) 


TABLE XXII 


x F Fl RO 
0 0 == 0 
1 0 0 0 
0 1 1 1 
1 1 1 ca 


Obviously, 7 F! and 7*F° can each be expanded again 
in terms of a second variable and so on, so that expan- 
sion about any set of x,’s can be obtained. If this ex- 
pansion process is used as a means of synthesizing Ff, 
several comments are appropriate: First, at each stage 
of the process an x; must be selected about which the 
function is to be expanded. A good rule for choosing 
this variable is to select the one with the most essential 
units and essential zeros in its column. Secondly, if the 
particular form in which an expanded F is to be synthe- 
sized, i.e., (1) or (2), is known, a further simplification 
can be made. Thus, from Table-X XII it is seen that 
is to be expressed in the form of (1) then the rows where 


13 A difference function can also be defined for LPF’s and used 
to define various of their formal properties. 
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x; is 0 and F is 1 can be eliminated from the table for 
ti Fl, Likewise, when using form (2) the rows where x; is 
1 and F is 0 can be removed from the table for “°°. 


B. Synthesis of LP F’s with Three-Input Majority Gates 


With the growing importance of the three-input ma- 
jority gate as a basic logical element, it is worth noting 
that LPF’s may be synthesized very easily using these 
gates. Referring again to Table XXII, it is seen that 


= M (x:, poles aa (i) (3) 


where M denotes the three-input majority gate whose 
output is equal to the majority of its inputs. (Note that 
the majority function is itself an LPF even though it is 
not normally built out of AND- and OR-gates.) 

To illustrate the application of (3) to the synthesis of 
a function using only three-input majority gates, con- 
sider again the function given in Table XIV. As was 
shown, when F is made logically passive this table re- 
duces to that of Table XVI. Starting with this table, 
Fig. 10 shows how F may be successively expanded in 
terms of three-input majority gates. 
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Fig. 10—Expansion of Table XVI. 


Thus, F is first expanded about Z. (Here again the 
number of essential units is used to select the variable 
for expansion.) *F° and *F! are then each expanded 
about Y where the resulting functions are seen to be 
1, W, X, and 0, respectively. Finally, F is reassembled 
yielding the circuit shown in Fig. 11. (Actually in prac- 
tice the above procedure is even simpler since numerous 
rows and columns may be eliminated at each step.) 
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oOo < Xi 


Fig. 11—Synthesis with three-input majority gates. 


This synthesis procedure makes no claim to minimal- 
ity with regard to the number of majority gates re- 
quired. However, it does have the virtue of being ex- 
tremely straightforward and as such can form the basis 
for more sophisticated techniques. Also it has the im- 
portant feature that it automatically subsumes don’t 
care conditions. 


C. LPF’s and Inverters 


The approach to combinational logic described in this 
paper is analogous to one commonly employed with se- 
quential circuits, 7.e., a sequential circuit is often viewed 
as a collection of blocks of combinational logic inter- 
connected with unit time delays. Here, we have looked 
on a combinational circuit as a collection of LPF’s inter- 
connected with inverters.‘ Thus, if desired, any se- 
quential circuit may be described in terms of LPF’s, unit 
time delays, and inverters. 

In the synthesis procedures thus far described, in- 
verters, if they appear at all, will appear only on the 
inputs to the circuit involved. However, a saving in 
logical elements will often result if the required in- 
version can be done at other locations in the circuit. 
Thus, using the above procedures to synthesize 4\/B 
from inputs A and B, the resulting circuit would consist 
of a two-input OR-gate with an inverter on each input. 
Obviously, a better realization would be with a two- 
input AND-gate having a single inverter on its output. 

This technique of minimizing the number of inverters 
rests on the concept of the dual of a function. Given an 
LPF, F, in truth table form, the dual of F, D(F) is de- 
fined as that function whose truth table is obtained by 
complementing every bit in the table for F. Since a<b 
if and only if 6<a@ it follows that D(F) will likewise be 
logically passive. Thus, 


D(F) 


Il 
al 
— 
S 
Ss 
s 
= 
na 


or 
F(x, BHO) OY eal = D|F (4&1, Xe, Line &p) |. 


In other words, any LPF, F, is logically equivalent to 
the LPF, D(F), with its inputs and its output inverted. 
Likewise, as is well known, when F is built with AND- 
and OR-gates, D(F) is obtained by simply interchanging 


“This approach needs to be modified when the basic logical 
element involves inversion, e.g., NOR-gates, just as with the sequen- 
tial circuit approach when a basic element involves time delay and 
combinational logic, e.g., flip-flops. 
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the two types of gates. Some gates, @.g., majority gates, 
are their own duals so that here inputs and outputs may 
be inverted without any other change in the circuit. 
Using these relationships inverters can often be moved 
into a synthesized LPF with a resultant saving in hard- 
ware. Note that this conversion process may be applied 
not only to the entire synthesized circuit, but also to 
any portion thereof. An interesting problem is to find 
an algorithm for systematically applying this technique 
to a given circuit so that the configuration requiring the 
fewest number of inverters results. 


IX. CONCLUSIONS 


The general approach to logical switching functions 
followed in this paper differs considerably from the 
usual algebraic and topological methods appearing in 
the literature. By confining our attention only to the 
truth table of the function we have sacrificed much of 
the power of the algebraic methods and the neat geo- 
metric analogies of the topological methods. On the 
other hand, these losses appear to be offset by 1) the 
fact that all switching functions are equally amenable 
to these techniques, and 2) the feature of the extreme 
simplicity of the underlying methods. Particularly with 
regard to automation of logical design procedures on a 
digital computer this approach seems promising. 


APPENDIX 


FRONTAL, UNATE, AND LOGICALLY 
PASSIVE FUNCTIONS 


Logically passive functions are closely related to the 
frontal functions of Gilbert [7] and the unate functions 
discussed by McNaughton [8]. (See Quine [9] also.) 
However, LPF’s differ from frontal and unate functions 
in several respects: 1) in order to apply the basic defini- 
tions of frontal and unate functions an actual realization 
of the function, in at least an algebraic sense, is re- 
quired, 2) both frontal and unate functions are defined 
only for complete switching functions, 7.e., switching 
functions with no don’t care conditions, and 3) with both 
frontal and unate functions the Jabels which appear on 
the inputs must be considered. Let us examine these 
differences. 

With frontal functions an actual (contact) network 
realization of the function is assumed. If all contacts of 
this network are front contacts, then the switching 
function which describes this network is said to be a 
frontal switching function. A unate function is a 
switching function which can be represented as a nor- 
mal formula in which no variable appears both negated 
and unnegated. Note that both of these definitions as- 
sume a realization, in a circuit or an algebraic sense, in 
order to be applied. As such they are completely satis- 
factory for the author’s purposes. However, as a basis 
for a synthesis procedure a definition which avoids any 
preliminary realization of the function is preferred. 

Both frontal and unate functions are defined only for 


1961 Einhorn: The Simplex Algorithm in the Mechanization of Boolean Switching Functions 


com plete switching functions although each could possi- 
bly be extended to don’t care conditions. Thus, an in- 
com plete switching function could be said to be frontal if 
there exists a contact network realization in which all 
contacts are front contacts. Likewise, for unate func- 
tions, an 7ncomplete function could be said to be unate if 
there exists a normal form representation of the function 
in which no variable appears both negated and un- 
negated. However, here again, a realization of the func- 
tion would be required in order to apply these defini- 
tions. And, in addition, all possible realizations might 
have to be considered. 

Finally, even if the definitions of frontal and unate 
were extended to include the incomplete functions both 
types would still differ from LPF’s because of their de- 


pendence on /abelling. Consider the following function: 


Xi Xo X3 X4 


rFrROO 
oorr 
ORF oO] 


0 
1 
0 
1 


Iiwe let X;—A, A,—5, X;=C, and X,=D, then this 
function can be represented in normal form as AC\V BD 


and a corresponding contact network realization exists. 
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As such it is both frontal and unate. However, if we 
change the X,4 label to D, then the function is no longer 
frontal but is still unate. Finally, if we let X,;=A, 
X,=A, X;=B, X.:=B, then the function is neither 
frontal nor unate. Clearly the function is logically pas- 
sive in all three cases since the table itself meets Defini- 
tion 1 and the actual labelling is not even considered. 

In summary, LPF’s are a proper subset of all switch- 
ing functions, unate functions are a proper subset of all 
LPF’s, and frontal functions are a proper subset of all 
unate functions. 
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The Use of the Simplex Algorithm in the Mechani- 
zation of Boolean Switching Functions by Means 
of Magnetic Cores* 
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Summary—An algorithm is described for mechanizing Boolean 
~ switching functions by means of a net of magnetic toroidal cores. The 
algorithm is referred to as Simplex and, in this application, is pro- 
grammed for a digital computer. Computer solutions specify the 
wiring configuration for a core or net of cores yielding a device for 
performing combinational logic. Switching functions are realizable 
in essentially one clock time. The logical designer may synthesize a 
- function directly from the truth table without proceeding in the 
customary manner of expressing the function in Boolean canonical 
form and then attempting to minimize with respect to hardware or 
other criteria by means of algebraic manipulation or a mapping or 
charting technique. 
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USAF under WADD Contract AF33(616)6355. Reproduction in 
whole or in part is permitted for any purpose to the U. S. Govt. 

+ Burroughs Corp., Burroughs Labs., Paoli, Pa. 


INTRODUCTION 


introduced which are used to mechanize switching 

functions. One class of devices which has received 
wide attention is the multiaperture or multipath struc- 
tures, such as the Transfluxor,! the MAD,? and the 
Laddic.? Their common property, in addition to using 
magnetic material with a rectangular hysteresis loop, is 
that some or all of the logical functions are performed 


| N recent years, many magnetic devices have been 


1 J. A. Rajchmann and A. W. Lo, “The Transfluxor,” Proc. IRE, 
vol. 43, pp. 321-338; March, 1O50n eo : ; 

2H D. Crane, “A high-speed logic system using magnetic ele- 
ments and connecting wire only,” Proc. IRE, vol. 47, pp. 63-73; 
January, 1959. ; ; ‘ ‘ 

3 U. F. Gianola, “The Laddic—a magnetic device for performing 
logic,” Bell Sys. Tech. J., vol. 38, pp. 45-72; January, 1959. 
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by controlling the actual switching path through the 
structure. The philosophy is to achieve as much logic as 
possible within the structure thereby reducing com- 
ponent count and interwiring. 

The question arises, however, as to whether the sim- 
ple toroidal core has been given sufficient consideration. 
A study of Karnaugh’s paper‘ and an internal report by 
Minnick® revealed extremely interesting logical proper- 
ties of the simple toroidal core based on the exploitation 
of its magnetic threshold. For example, the logical 
threshold function can be mechanized in a single core 
including, of course, the AND and the OR functions 
which are special cases of the threshold function. This 
leads directly to the consideration of methods of syn- 
thesizing any arbitrary Boolean function with one or 
more cores. 

The method developed for achieving this goal utilizes 
a linear programing technique referred to as the Simplex 
algorithm. The computer solution indicates the wiring 
configuration for the core or net of cores. The resulting 
device realizes a function of ” variables in one clock 
time. 

Of extreme importance is the fact that the logical 
designer may synthesize a function directly from the 
truth table without proceeding in the customary man- 
ner of expressing the function in Boolean canonical form 
and then attempting to minimize the hardware by 
algebraic manipulation or some other charting or map- 
ping technique. It is interesting to note that this tech- 
nique is not limited to magnetic cores but should apply 
to any device with a physical threshold. 


THRESHOLD FUNCTION SYNTHESIS WITH CORES 


The magnetic logic discussed in this paper is per- 
formed with a two-phase clock. The core is initially in 
the reset state. At phase one time, the core is set or not 
set in accordance with the logical requirements. At 
phase two time, the core is reset. Signals induced by 
flux change during reset are interpreted as logical 
ONEs. 

The schematic representation of magnetic circuits is 
facilitated by the use of mirror symbols.‘ In this paper, 
cores (toroids) are represented by heavy vertical line 
segments, wire leads by horizontal line segments, and 
windings by 45° mirror symbols at the intersections of 
the cores and leads (Fig. 1). The sense of the magnetic 
field associated with a current in a given winding is ob- 
tained by “reflecting” the current in the winding mirror 
symbol. For example, if the core is initially reset, appli- 
cation of current J, to winding J, is in a direction to 
cause the core to set. If the core were initially set, the 


application of J, through Nz would cause the core to 
reset. 


4M. Karnaugh, “Pulse switching circuits usi ti ¥ 
Proc. IRE, vol. 43, pp. 570-584; May, 1955.0 a SERN Aes 


R. C. Minnick, “Linear Input Logic,” B hs C i 
Pa., Internal Rept.; October, 1958. Fe SE pean te 
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The threshold function is a Boolean function which 
states that if u or more of m variables are equal to ONE, 
then an output will result. For example, the truth table 
for p=2 and m=3 is shown in Fig. 2. This function may 
be mechanized with a single core. It is assumed that a 
unit current pulse is available to represent each variable 
and its prime. Karnaugh’s‘ rule for generating the 
threshold function is to connect (u—1) of the primed 
variables in a direction to reset the core and (n+1—yn) 
unprimed variables in a direction to set the core. One 


way to wire the core is shown in Fig. 3. The mmf equa- 


tion is 
F = I2No+ 1;N3 — 11'M1. (1) 


Assuming that the magnetic threshold of the core is one 
ampere-turn, and noting that all quantities in the mmf 


Te NI 


RESET 


Fig. 1—Mirror symbol notation for core winding. 


Fig. 2—Truth table for threshold function 
where p=2 and 2=3. 


Ss OUTPUT =: f 
\ 
I, 
Ie 
Is 
RESET 
R 


Fig. 3—Core and wiring configuration for threshold function 
where p»=2 and n=3, 
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equation are integers, it may be stated that 


if F; = Ul then fs 1 (2a) 


and 
fF, < 0, 


then jf; = 0 (2b) 


where the index “z” denotes the row of the truth table, 
and F; and f; the corresponding values of the mmf and 
Boolean function, respectively. It is readily seen that 
if N,=N.=N3=1, and if the values of the variables 
are applied to (1) in accordance with the truth table, 
the proper values of F; are attained to satisfy the thresh- 
old function required. 


EXTENSION TO ARBITRARY FUNCTIONS 


An extension to this type of switching function 
mechanization is a technique for synthesizing any 
arbitrary Boolean function in a similar manner. Many 
functions can be mechanized with a single toroid, but 
some require more than one. For example, the Exclu- 
sive-OR function requires two cores. The method to be 
described accommodates both single and multicore 
functions. 

Consider the function 01011101 (where 1 denotes the 
truth table entry for 7=0). The truth table representa- 
tion is shown in Fig. 4. The function is mechanized in a 
single core if the core is wound according to the equa- 
tion, 


Bie 219 2ly +2 — Is. (3) 


(Currents J) and J, are applied to two turns and one 
turn, respectively, in a direction to set the core, and 
I, and J; are applied to two turns and one turn, re- 
spectively, in a direction to reset the core; current Jo 
is a pulse bias current always present.) This solution 
may be reached by inspection or by trial and error. 
When the number of variables increases, the need for an 
algorithm becomes apparent. 


Fig. 4—Truth table for f=01011101. 
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For each row of the truth table of Fig. 4, an mmf in- 
equality may be written. A threshold value of one 
ampere-turn is assumed for core switching and, for 
conditions where core switching is not desired, the net 
mmf is held less than or equal to zero ampere-turns. The 
inequalities are as follows: 


IoNo = iil 
IoNo t+ 11M. 0) 
IoNo + I2N2 zal 
LoNo + 11Ni + IoN2 2 ull 
IyNo +13:N;2>1 
IoNo+ 11M +7:N3; <0 
IoNo + 12Ne+1;N3;2>1 


Too + JaNa TaN oe Lae 0: (4) 


The system of inequalities (4) is consistent (one or 
more solutions), and the function may be mechanized 
by a single core. It inequalities (4) were inconsistent, 
then more than one core would be required. 

It will be shown how the above inequalities are 
processed by Simplex. If the system of inequalities is 
consistent, a set of values for NV; will be found which 
satisfies the inequalities. However, it is important to 
note that a particular solution will be found which will 
minimize an arbitrarily specified linear function, re- 
ferred to as the objective or cost function of the form 


Z = KiNi + KeoNo+--- + K,Nn (5) 


where K;, Ko, ---, K, are constants. The method of 
handling inconsistent sets of inequalities (multicore 
functions) by Simplex will also be demonstrated. 


DumMyY VARIABLES IN MULTICORE SOLUTIONS 


Before proceeding with the explanation of the Sim- 
plex algorithm, consider the single-core and two-core 
examples of solutions of two functions. The function 
01011101 has the single-core solution Nop =2, NMi=—2., 
N,=1, and N;=—1 as represented by (3). Now con- 
sider the function h=01100019%. The Simplex-derived 
solution is N,=1, N2=—1, and d;=K. If de=K were 
not in the solution, the mmf equation would be writ- 
ten as 


F=J,—To. (6) 


A core wound in accordance with (6) yields the func- 
tion f=00100010. Note that f differs from h by its 
absence of a ONE in the sixth-bit position. This cor- 
responds to the subscript of ds, a dummy variable, which 
plays a crucial role in multicore solutions. 

A new function g is formed by observing the dummy 
variables remaining in the solution, and placing a ONE 
in the bit positions corresponding to the subscripts of 
the dummy variables. In this example, g=01000000. 
This function is now processed and the solution is 
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No=—1, Nr=—1, Ne=1, Ns=1. The corresponding 


mmf equation is 


G=—1,—Nh4+i2.+4+ Js. (7) 


Since no dummy variables remain in the solution, g is a 
single-core function. In general, g might not be a single- 
core function, in which case the procedure described 
above would be repeated until the final function proc- 
essed contained no dummy variables. In our example, 
two cores are required to mechanize h (Fig. 5). Cores / 
and G are wound according to (6) and (7), respectively. 
An output wire is series-connected to both cores. 
Either core F or core G, or neither, will switch in ac- 
cordance with the input lines energized. Hence, the 
voltage induced in the output line at phase two time 
represents the function h, or 


(8) 


he Pa 


OUTPUT =h 


R R 
Fig. 5—Two-core mechanization of h=01100010. 


EXPLANATION OF SIMPLEX 


It is the aim of this paper to provide an insight into 
the Simplex method and its application to our problem 
while avoiding the many details associated with com- 
putation and programing. The Simplex algorithm is 
perhaps more easily understood if at first a geometrical 
interpretation is given. Consider the following system 
of inequalities: 


(1) 
(2) 
(3) 
(4) (9) 


If each of the inequalities (9) is treated as an equation 
and is graphed, the set of lines shown in Fig. 6 would 
result. Only the area included by the convex polygon 
abcd contains values of x; and x. which are solutions 
to equalities (9). 

A solution which minimizes an associated cost func- 
tion of the form Z=AX,+-BX.+C is readily obtained 
from the following useful theorem. 


A41%1 + Aix. < dy 
A21X1 + A29X2 < by 
Q3iX%1 + Ago. = bg 


A41X1 + AgaXe < bu. 
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Fig. 6—Convex polygon of (9). 


Theorem I 


A linear function defined over a convex polygon takes 
on its maximum and minimum values at corner points 
of the convex polygon.® 

Hence, the value of the cost function is simply tested 
at each corner of the convex polygon to determine the 
values of x; and x. which satisfy the system of inequali- 
ties and minimize the cost function. As the number of 
variables and equations increases, the geometrical 
picture becomes hopeless. It would amount to finding 
corner points of convex hulls in hyperspace. Fortu- 
nately, the use of the Simplex algorithm does not depend 
upon the geometrical picture. The algorithm is best ex- 
plained by example, accompanied by pertinent theorems 
and definitions. 

Consider the following system of inequalities and 
cost function. 


(1) x1 >0 
(2) x2 > 0 
(3) a+ 2%<8 
(4) 5 earings Sen 
(5) —2%1 + 2x2 < 6 
Z = — 2x1 — 3x2. (10) 


The convex polygon is shown in Fig. 7. The coordinates 
of the corner point (2, 3) minimize the cost function as 
can be checked by substitution. 

The Simplex algorithm is utilized to find what is re- 
ferred to as a basic feasible solution: 

Definition I: A feasible solution is a solution which 
contains non-negative x’s. 

Definition IT: A basic feasible solution is a solution 
which contains at most m positive x’s, where m is the 
number of constraints. 


8 J. G. Kennedy, e¢ al., “Introduction to Finite Mathematics,” 
Prentice-Hall, Inc., Englewood Cliffs, N. J., pp. 256-257; 1956. 
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“ ee 


Fig. 7—Corner points of the convex polygon of (10). 


Theorem II 


If a problem has an optimum feasible solution, then 
it also has a basic feasible solution which is optimum.* 

Since the solutions are restricted to basic feasible 
solutions, the first two inequalities of (10) need not be 
written. The last three inequalities of (10) are converted 
to equations by the introduction of slack variables xs, 
x4, and x5, as follows: 


a, + 2x. + x; = 8 
To eke ee 0 
—2%, + 2x2 + x5 = 6 


Z= (11) 


Eq. (11) is now said to be in “canonical” form with 
respect to variables x3, xs, and x5. The canonical form 
requires that the coefficient of «x; is plus one, and that 
x3 does not appear in any other equation. This is true 
also for x, and x5. 

Note that the canonical form of (11) enables one to 
obtain a basic feasible solution simply by setting x; and 
x2 equal to zero. One solution, then, is x3 = 8, x4 =5, x5 =6 
and the corresponding value of the cost function Z=0. 
The introduction of slack variables provides an initial 
basic feasible solution not necessarily optimum. By ap- 
propriate algebraic manipulation, (11) can be put into 
canonical form with respect to any set of three x's. These 
variables are referred to as basic variables or as the 
basis. In this problem, the total number of solutions to 
be examined is the combination of five things, taken 
three at a time, or ten solutions. For larger problems 
this trial and error procedure becomes prohibitive. 
Fortunately, there is a systematic iterative procedure 
for finding, in a relatively small number of steps, a 
solution which minimizes the cost function. 


B= Pe a OEY 


7 R. Dorfman, et al., “Linear Programming and Economic Analy- 
sis,” McGraw-Hill Book Co., Inc., New York, N. Y., p. 78; 1958. 
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Manipulation of Equations 


With reference to the cost function of (11), if x, or 
x2 Were increased from zero, then the value of Z would 
be reduced. This, of course, is because their coef- 
ficients, called the relative cost factors, are negative. 
First to be considered is x2, since it would appear that 
any change here would have the greater effect on the 
value of Z. (It is not essential, however, that x. be 
given first consideration.) The question arises as to how 
large x, can be made without causing any of the other 
x’s to turn negative. Therefore, setting all other vari- 
ables equal to zero in (11), 


2x2 = 8; . #2 =4 
xo = 5; 1. t= 9 
27 =O: ec Se (12) 


The minimum positive value of x2 is selected; 7.e., 
x= 3. If the value of 4 were selected, then x; would turn 
negative. If the value of 5 were selected, then both x; 
and x, would turn negative. The value of x2=3 makes 
x5=0. An expression for x2 in terms of x; is then found 
from the third equation and substituted in the others, 
including the cost function. Thus, x2 replaces x; in the 
basis, and (11) is now in canonical form with respect to 
the basic variables x2, x3, and x4, as follows: 


241 — Xs + x3 = 2 

341 Xs 

eee eh ey) 

Tay) 

X1 X5 
en ela epee ess) Seat 

ba 

Z ie ge 9 (13) 
et ig 2 


The basic feasible solution: is-x»=3, %;=2,04s0—=2: 
(The other variables, not being in the basis, are zero.) 
The cost function decreases to Z= —9. By examining 
the relative cost factors of (13), it can be seen that the 
value of the cost function can be decreased by in- 
creasing x; only. The positive value of the relative cost 
factor of xs prohibits increasing x; from zero, since this 
would result in an increase for Z. Testing again to find 
the new basis, it can be seen that x; replaces x3. 


2x4; = 2; eo 
3H 4 
— =); a SS 
Z 3 
x 

pe 4, = — 6 
D; 


Notice that one value for x; is —6. This cannot be 
used, since it would result in an increase in the value 
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of the cost function. Eq. (13) is now put in canonical 
form with respect to the basic variables x1, «2, and x4, as 
follows: 


X 3 X5 

sae EE ee sf 

D 2 
Eos se 1 

ee aS 

X3 Xs 7 

pele —+ 4 = — 

4 4 2 

fee 2 
Oa aaah te 2 Sige (14) 


The solution is 4=1, 2=7/2, x3=0, x=1/2, and 
x,=0; the value of Z is —25/2. Repeating the process, 


x 

ea: i 
4 1 
x i 
eae as = 14, 


The new basis is x1, 2, and x5, and 


eee 
343+ 44, + 4, = 2 


%3— Xs to = 3 


5x3 


Ehetsolttion is #3;=0, 71=0, 4.=2, x7=—2, and -%.—3. 
The value taken by Z is —13. Since all of the relative 
cost factors are now positive, neither x3; nor x4 can be 
increased. This indicates that the above solution is one 
which minimizes Z. This solution agrees with the solu- 
tion obtained by the graphical method. Note that the 
intermediate solutions are also corners of the convex 
polygon of Fig. 7. 


APPLICATION OF SIMPLEX TO FUNCTION SYNTHESIS 


The inequalities written for arbitrary functions, as 
described earlier, must be put into a form suitable for 
processing by Simplex. Since the Simplex solution 
yields only positive values for the unknowns, each Nj; 
is represented as the difference of two positive numbers 
(¢;— C;) which would correspond to clockwise and coun- 
terclockwise windings, respectively. Hence, the solution 
to the function 01011101 would be of the form t= 2, 
G;>2, t=1, and C;=1. Prepared for Simplex, in- 
equalities (4) would be written as 
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(to — Co) 21 
Gp — Co) = Ca) <0 
(to — Co) + (2 — C2) il 
(to — Co) + (t1 — Cs) + Ge — C2) a 
(to — Co) + (t3-— C3) >1 
(to — Co) + (i — C1) + (fs — Cs) <0 
(ig = Cp) + (t2 — Co) + ts — Cs) 21 


(ei Co) ti Ci) ar (t2 — C2) + (ts — Cs) < 0, (16) 


where t; and C; are the unknowns. The J, coefficients 
have the value of unity and are therefore dropped. 

Note that in addition to the < signs appearing in 
inequalities (16), the > signs also appear. In the case of 
> constraints, a slack variable is subtracted and a 
dummy variable is added to the left-hand side of the 
inequality. Dummy variables are required to provide 
the initial basis. The initial basis is then comprised of 
slack and dummy variables, namely do, Si, dz, ds, ds, 
Ss, ds, and S7, as shown in (17). 


(to —Co) —Sotdo=1 
(o—Co) + 1 — Ci) S43 = 
(to—Co) + (t2—C2) —S2td2=1 
(to—Co) + (41 —C1) + (t2 — C2) —S3+d3=1 
(i= Ep) + (ts—Cs) —Sat+dg=1 
(to—Co) + (t1—Ci) + (ts—Cs)+S5 =0 
(to—Co) + (t2—C2) + (ts—Cs) —Setde=1 

(to—Co) + (t1— C1) + (t2-C2) + (ts—Cs) +S7 = = 0. (17) 

The cost function is 

Z=tthtktitCotatCsa+Cs 

+ Md) + Md,+Mds+ Mds+ Mads. (18) 


Note that dummy variables are included in the cost 
function. The coefficients M of the dummy variables 
are chosen very large to bias the problem so that, if 
possible, the dummy variables will not be included in 
the basis which minimizes Z.8 

Eq. (18) is rearranged in canonical form by appro- 
priate substitutions from (17), eliminating the dummy 
variables, such that 


Z=(1-—SM)i+ (1-WMi+ (1-3W ir 
+ (1—2M)is+ 1+5M)Co+ (1+ M)Ci 
+ (1+ 3M)C2+ (1+ 2M)C3+ MS, 


+ MS2:+ MS;+ MS,+ MS,+ 5M. (19) 


The problem is now ready to be treated in the manner 
previously described. 


* In some Simplex applications, the existence of a dummy vari- 
able in the final basis indicates that there is no feasible solution. In 
our application, this type of result simply indicates that more than 
one core is required to mechanize the given function. 
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RESIDUE FUNCTIONS 


It will be recalled that if a function h were processed 
by Simplex and dummy variables appeared in the solu- 
tion, then a multicore configuration is required to 
mechanize the function. Further, if one core were 
wound in accordance with the resulting values of t; 
and C;, part of the function would be obtained, and a 
new function would be defined by pacing a ONE in the 
positions indicated by the subscripts of the dummy 
variables in the solution. The portion of the function 
initially mechanized will be referred to as f, and the re- 
maining portion as the residue function g. Eq. (17) may 
be written as follows: 


when h; = ats i 


Lu (ts — Ci) — Sit di 


0. 


nS, (; — C)) + S; 


Let F;=>.; (t;—C;); hence, when F;>1, f;=1, and 
when F;<0, f:=0. 
The symbol [ ] is defined as 


Pearl aieyigrat X >> 1 

[zF= 0; if xe 0: 
The residue function is defined as 
IG] =1, whend;>0 (20) 
[G.] = 0, when d; = 0, or when there isnod;. (21) 


Eq. (8) may now be written as 


h; = [Fi] <F [G;]. (22) 


To prove (22), all possible combinations will be ex- 
amined; 7.e., 


Case 1: h;=1, [F;]=1 
Case 2: h;=1, [F;]=0 
Case 3: h;=0, [F;]=1 
Case 4: h;=0, [F;]=0. 


Case 1 
In this case, h;=1; [F;]=1. By definition, 


Bel. (23) 


Since Simplex guarantees that the original set of equa- 
tions must be satisfied and that all variables are posi- 
tive, we may write 

F;-S;+4,=1 


sa 0: (24) 


Adding (23) and (24), 


At (25) 


oR td 2. Sor ek; 


Hence, where h;=1 and F;>1, the dummy variable 
must take the value of zero (since all variables are 


positive) and we may state, from (21) that [G,;]=0. 
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Casexz, 
In this case, h; =1; [F;]=0. By definition 
Peis.0; (26) 
and we may write 
Piles eigen | 
—F; = 0 
RY; == 0; (27) 
Adding inequaitities (27), 
Opera AN. Shit Ge oat, (28) 


Hence, where 4;=1 and [F;]=0, dummy variables 
must remain and we may state, from (20), that [G,;]=1. 


Case 3 
In this case h;=0; [F; =1. By definition, 
F,>1 (29) 
and 
Feri Se 0: (30) 


In this case, (30) could be satisfied only if S; were nega- 
tive, which is not permitted by Simplex. Hence, Case 3 
is not possible. 


Case 4 
In this case, h;=0; [F;]=0. By definition, 


Feo: (31) 


In this case, (30) is satisfied by a positive slack variable 
which, of course, is permissible. Since there is no d,, 
however, we may state, from (21), that [G;] =0. 
Thus (22) is satisfied under all possibile combinations. 

The residue function defined above is now treated by 
Simplex. If it is a one-core function, the problem is 
terminated yielding a two-core function. If in processing 
the residue function dummy variables remain in that 
solution, then a new residue function is defined. 

The above procedure is repeated until the final resi- 
due function processed contains no dummy variables. 
Therefore, one magnetic core is required for each func- 
tion or residue function processed in the course of a 
problem. From another point of view, it may be said 
that the given function in a problem is reduced to a 
set of one-core functions, each of which might be repre- 
sented by a consistent set of inequalities. To obtain the . 
origina! function, all of these one-core functions are 
ORed together by the output line. 


StmpLEX MODIFICATIONS 


In the course of the applications of the Simplex 
algorithm to the above problem, several difficulties 
arose which resulted in some modifications. For ex- 
ample, some solutions yielded the minimum total num- 
ber of turns at the expense of additional cores, An ex- 
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treme example of this type of difficulty is the result 
calling for zero turns and a residue function equal to 
the original function. The type of Simplex algorithm 
finally developed is “dummy-oriented”; 7.e., in every 
applicable decision process during the course of the 
problem, dummy variables are removed from the 
basis. The following modifications were introduced: 

1) Once a dummy leaves the basis, it is not per- 
mitted to return. This is accomplished by ignoring the 
relative cost factors of dummy variables in the cost 
function. 

2) The problem is not necessarily permitted to end 
when all of the relative cost factors become positive. 
Instead, the initial conditions of the problem are al- 
tered by changing the value of a relative cost factor 
assigned to one of the dummy variables so that, at this 
stage of the problem, one of the nondummy variables 
assumes a negative relative cost factor. The test de- 
scribed previously is applied to determine which vari- 
able, if any, will leave the basis. It is possible that a 
variable with a negative relative cost factor cannot 
enter the basis, since the test for minimum positive 
value yields only negative numbers. It should be noted 
that it is not difficult to change the initial conditions in 
the manner described above, because only the cost 
equation is affected throughout the problem. 

This procedure may be explained from the geometri- 
cal point of view. Consider the cost function of (10). If 
the cost function were changed to Z = — 2x1— 30x», then 
a different corner of the convex polygon would mini- 
mize the new cost function. 

Summarizing, it may be stated that the relative cost 
factors are repeatedly altered, forcing the problem to 
continue until a basis containing a minimum number 
of dummy variables is obtained. At the price of a more 
“expensive” solution (7.e., one which might contain 
more turns but uses fewer cores), the problem is per- 
mitted to terminate only when it is impossible to re- 
move dummy variables from the basis. 

It is interesting to note that it is always possible to 
remove at least one dummy from the initial basis. The 
partial result would be a function containing a single 
ONE and a residue function with one less ONE than 
the original function. All Boolean functions containing 
a single ONE are realizable with a single core. 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


December 


RESULTS 


The Simplex algorithm described in this paper for 
synthesizing Boolean functions was programed for the 
Burroughs 220 computer. Many randomly selected 
functions of six or fewer variables were successfully 
synthesized. Several nets of cores were wound in ac- 
cordance with the Simplex-derived results, and were 
operated successfully in the laboratory. 


FUTURE WORK 


Since the writing of this paper, an improved Simplex 
algorithm has been developed.’ Problems involving 
nine variables have been successfully processed. In 
addition, provisions for handling “don’t care” condi- 
tions have been added. This work will be reported in a 
future paper. 

There is one important aspect that must be given 
consideration. Initially, and to avoid complicating the 
problem, no upper limit has been placed on the total 
number of input turns. Let MM ampere-turns be in the 
set direction, and N ampere-turns in the reset direc- 
tion, and let us depend upon a condition of M—N=1 
to set the core. Clearly, as the values of M and WN in- 
crease, the worst-case tolerance requirements on the 
current drivers become more severe. It will be recalled 
that finding the minimizing basic feasible solution is an 
iterative procedure in which many basic feasible 
solutions are considered. Each of these solutions, of 
course, satisfies the original system of equations. This 
suggests the possibility of storing these solutions, and 
of considering each one in the light of the above-men- 
tioned current-driver tolerance. Thus, a way may be 
provided for relieving the tolerance requirement by a 
sacrifice in the total core count. 
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An Algorithm for Automatic Design of Logical 
Cryogenic Circuits’ 


E. H. SusseNcuTH, JR.{, MEMBER, IRE 


Summary—Logical cryogenic circuits differ from the circuitry 
used with other devices as paths for both the required function and 
its denial must be provided. Present techniques for logical design of 
cryogenic circuits either rely on the experience of the designer to 
achieve a minimal circuit or are derived from analogous relay circuits. 
An algorithm to develop minimal (or near minimal) circuits 
by collapsing a complete decoding-tree structure by removing un- 
needed devices is discussed. The algorithm requires no subjective 
decisions and is readily programed for inclusion in an automatic 
design system. 

A generalization of the algorithm to include functions of n-ary 
input variables and multiple outputs is also presented. 


I. INTRODUCTION 


tube, transistor, resistor-diode, or magnetic-core 
logical circuitry, the component cost was such that 
the saving of only one or two devices per circuit could 
substantially reduce the over-all system cost. The time 
and effort involved in using experienced logical designers 
to insure that each circuit was truly minimal was repaid 
with a reduced expense for components. The cryotron, 
however, is no more expensive than the wire used to 
* connect it and is manufactured by evaporation tech- 
niques in which an entire processing unit, rather than 
an individual component, may be constructed at one 
time. For the cryotron and similar devices an auto- 
mated logical design system may be efficiently used 
and the system need not require an absolutely minimal 
circuit. The algorithm described below sacrifices truly 
minimum results for a method readily adaptable to 
automatic computation. 


| N computing machines built using relay, vacuum- 


Il. PoysicaL AND LoGicAL RESTRICTIONS 
OF CRYOGENIC CIRCUITS 


The current in an electric circuit comprising a cur- 
rent source and two parallel resistive paths will divide 
in a ratio inversely proportional to the resistances. If 
one of these resistances is set to zero, the resistance 
ratio becomes infinite and all of the current is diverted 
to the path which contains the resistanceless (super- 
conducting) element. If, subsequently, the second 
resistance is set to zero, the current will persist in the 
first path as there is no energy available to induce a 
switching (or dividing) action. A resistance must be 


* Received by the PGEC, November 21, 1960; revised manu- 
script received, March 22, 1961. This work was supported in part 
by the Bureau of Ships, Department of the Navy. 

+ IBM Corp. Res. Lab., Yorktown Heights, N. Y. 


inserted into the first path before the current will switch 
to the second path. A circuit of this type remembers 
which element was made resistanceless first by the 
presence or absence of current and is a useful digital 
computer component. 

The cryotron, a device which may be rapidly switched 
between resistive and superconducting states, utilizes 
these principles in digital circuitry. Logically the indi- 
vidual cryotron realizes A B—>C where A is the state- 
ment, “A current source is available to the cryotron 
gate,” and B is the statement, “There is current (of 
sufficient magnitude) in the cryotron control,” and C is 
“There is current in the path of which the cryotron gate 
is a part.” There is, however, an important restriction 
to this logical representation: a superconducting parallel 
connection is required to divert the current from the 
gate wire when current is applied to the control wire. If 
a zero-resistance by-pass is not provided, the gate cur- 
rent will not be inhibited but will merely divide accord- 
ing to the resistance ratio and form I-R voltage drops. 

It will be noted that the normally closed relay realizes 
the same logical statement 4 BC, where A now repre- 
sents, “A current (or voltage) source is available to the 
relay contacts,” B, “There is power (of sufficient mag- 
nitude) applied to the relay winding,” and C, “There is 
current in the path of which the relay contacts are a 
part.” However, the restriction of a parallel connection 
does not apply to relay circuits: when power is applied 
to the relay winding (corresponding to the cryotron con- 
trol), an open circuit results in the contact (gate) cir- 
cuitry and signal flow (current) is absolutely inhibited. 

In the design of logical cryogenic circuits, therefore, it 
is not sufficient to build only a circuit which realizes the 
desired function f; rather, to achieve the desired switch- 
ing action, paths for both f and f must be provided. 

A second restriction, which may or may not be im- 
portant according to the particular application, is that if 
the by-pass and the cryotron are both superconducting, 
a current, subsequently applied, will divide between the 
paths in a ratio inversely proportional to the path in- 
ductances. If either of these paths is used to control 
other cryotrons, the divided current may not have suffi- 
cient magnitude to insure switching. If, however, the 
paths rejoin before any control action is attempted, 
parallel superconducting connections may be employed. 
This restriction may be overcome by designing circuits 
in which there is one and only one superconducting path 
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joining the input terminal and an output terminal. Such 
circuits will be called disjunctive circuits. 

Cryogenic circuits are manufactured by evaporating 
metals through a masking plate onto a plane and it is 
desirable to use as few masks as possible. The number of 
masks required to construct a circuit depends on the 
topological complexity of the circuit for every crossing 
must be insulated by the evaporation of a dielectric. 
This, then, may be a third restriction on the design of 
cryogenic circuits, albeit a practical rather than logical 
one. The problem of minimizing the crossings in a cir- 
cuit is very difficult but may be of equal importance with 
the minimization of the device count. One possible com- 
promise is to design so that the control lines correspond- 
ing to different variables do not cross, that is, all of the 
cryotrons controlled by one variable will be in a single 
column. 

An advantage of cryogenic circuitry is that the load- 
ing problems familiar to many other technologies do not 
occur; any number of cryotrons may be controlled by 
the current from one source for there is no power loss in 
the steady state as current flows only in superconducting 
paths. The losses which occur in the transient state! do 
not seem to be significant enough to impose limitations 
on the circuit design (but may, however, be a major 
factor in determining the packing density of cryogenic 
circuits). 

These are the essential differences between cryogenic 
circuits and circuits made with other current-switching 
devices and indicate a possible need for a new synthesis 
technique. Two different design forms are apparent 
(Fig. 1): in the first, two distinct circuits Ci, realizing f, 
and C», realizing f, are constructed; in the second, one 
circuit C; which simultaneously realizes both f and f is 
needed. The circuits C; and C; may be designed using 
techniques similar to those developed for normally 
closed relays. Most of these methods depend on a few 
primary rules to determine a basic structure and then 
rely on the experience and insight of the designer to 
achieve a minimum (7.e., minimum device count) cir- 
cuit. 

The circuit C; is essentially a disjunctive tree modified 
for two outputs which may be collapsed by removing 
unnecessary cryotrons. These collapsed tree circuits 
may be designed with an algorithm which may be 


(b) 


Fig. 1—Two possible circuit forms for realizing f and 7. 


1M. K. Haynes, “Transient analysis of cryotron networks by 
eee simulation,” Proc. IRE, vol. 49, pp. 245-257; January, 
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readily adapted to automatic computation. We have 
found that in a great majority of the cases tested fewer 
cryotrons are required for the collapsed tree realization 
than for the system requiring separate f and f circuits. 
In the collapsed tree circuits there is one and only one 
superconducting path for a particular state of the input 
variables. 

The design algorithm will be described first for the 
specific case of cryogenic circuits and then, more briefly, 
in a general form. First, however, a notation is pre- 
sented which simplifies the application of the algorithm 
if the rules are carried out by hand and indicates a 
method for storing the information when the algorithm 
is programmed for a digital computer. 


III. NoTATION 


The basic cryotron pair used in the disjunctive tree is 
shown in detail in Fig. 2(a) and in block diagram form 
in Fig. 2(b). For simplicity we shall understand that | 
the upper terminal always represents the condition 
X =0 and the lower terminal X =1. To distinguish dif- 
ferent X boxes, a subscript will be appended to the con- 
trol variable designator. Fig. 3(a) shows a complete cir- 
cuit in block diagram form. Fig. 3(b) indicates a possible 
method of compactly denoting the same structure: the 
heading of each column indicates the control variable 
for the column, the ith line in the column represents 
block number 7, the first entry in the 7th line indicates to 
which block (or output) the upper terminal is connected, 
and the second entry indicates to which block the lower 
terminal is connected. 


(a) 


aeeeg e 


(b) 


Fig. 2—The basic cryotron pair structure (a) may be 
simplified to the block diagram form (b). 


(b) 


Fig. 3—A circuit realizing f and ? where f=ABC+ABC+AB 
= ABC 
(a) In block diagram form. (b) In compact i iia 
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IV. THE ALGORITHM FOR SINGLE OUTPUT 
CRYOGENIC CIRCUITS 


The method of design assumes a disjunctive or decod- 
ing tree structure? and collapses the tree by removing 
unnecessary cryotron pairs. The reduction is accom- 
plished by implicit use of the identities 


DEV ar ektVeaay 
and 


AZ + YZ. =(X + Y)Z. 


A. Problem Statement 


Given a finite number, , of binary input variables 
Ai, Ao, > ++, An, realize the Boolean function f and its 
complement f where f=f(A1, 42, ---, An). The syn- 
thesized circuit is to use as few cryotron-type devices as 
possible. There shall be one and only one path through 
the circuit for a particular state of the input variables. 


B. Minimization Rules 


Form a complete disjunctive tree in the ” variables. 
(For descriptive purposes assume the tree opens to the 
right.) The 2” terminals of the th level are connected to 
either the f output terminal or the f output as required 
by the function f. Apply the following rules for each 
variable in turn: An, An-1,--°--, Ae, Ai. The process 
may be terminated if upon reaching some variable no 
modification can be made. 


1) Rule 1: Examine the connections of the individual 
logical units of the ith variable separately. If both 
output branches are connected to the same ele- 
ment on the right, the logical unit may be removed 
and its input branch connected to the element to 
which the output branches were previously joined. 
If the output branches are joined to different ele- 
ments on the right, no modification is made. 

2) Rule 2: Examine the connections of the logic units 
of the ith variable in pairs taken in all possible 
ways. If the units are identically connected, that is 
if both upper branches are connected to the same 
element on the right and both lower branches are 
connected to the same element (different from the 
upper) on the right, one logic unit may be re- 
moved and its input branch connected to the input 
branch of the second logic unit. If the pairs are 
not identically connected, no modification is made. 


These rules develop the circuit with a minimum de- 
vice count for the particular permutation of input vari- 
ables specified. (A proof of minimality is given in the 
Appendix.) Since different permutations result in dif- 


2S. H. Washburn, “Relay trees and symmetric circuits,” Trans. 
AIEE, vol. 68, (Commun. and Electronics, pt. I), pp. 582-586; 1949. 
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ferent circuits, it is necessary to test all permutations of 
the input variables to insure that the minimum-device- 
count circuit for the required function is realized. 

An example in four variables showing the application 
of the rules is given in Fig. 4. Both the block diagram 
and the compact notation are shown for each step. Fig. 
5 indicates a circuit realizing the same function but us- 
ing a different permutation of the input variables. 

The necessity of testing all permutations of the input 
variables is a limitation of the procedure, and even with 
a high speed computer this may be quite time consum- 
ing if the function is in many variables. We have been 
unable to discover a technique which will indicate the 
best permutation by examination of the structure of the 
required function. However, a preliminary examination 
of the function may be made to discover any symmetries 
and reduce the effective number of permutations. We 
have also found that in general several permutations of 
the input variables lead to minimal circuits.* This fact 
may enable one to use a directed search‘ for problems of 
many variables if the designer wishes to save computing 
time and is willing to accept a result which 1s not neces- 
sarily minimum. Briefly, the directed search method is 
this: after an arbitrary initial order and circuit, two var- 
iables, selected randomly, are interchanged; if the new 
circuit is an improvement, the order is retained and an- 
other interchange tried; if there is no improvement, the 
previous order is restored and another interchange tried. 
The process is terminated when a specified threshold has 
been achieved or when a specified number of consecutive 
failures occurs. 

The algorithm described above (not including the 
directed search) has been programmed for the IBM 704. 
Table I indicates the running time for circuits of various 
numbers of variables. The time includes algorithm ap- 
plication for all permutations. It is apparent from the 
table that for circuits of seven or eight variables a tech- 
nique other than exhaustion of the permutations would 
be valuable, even though this technique is itself mod- 
erately complex. 

The collapsed tree method defines a circuit which is 
minimum only within the strict form of a disjunctive 
tree. Modifications of the tree structure which allow 
control leads to be interwoven may develop circuits with 
fewer devices (Fig. 6), and, if the restriction regarding 
disjunctive paths is removed, special constructions may 


3 The 2% functions of 4 variables may be reduced to 402 repre- 
sentative function classes when equivalences under permuting and 
negating the input variables are removed; for each circuit there are, 
of course, 4!=24 possible permutations of the input variables. These 
402 distinct functions of 4 variables have been tested with the IBM 
704 program; only 18 were found to have unique minimal circuits 
and the average number of permutations which resulted in a minimal 
circuit was 7.6. ; : : 

4B. Dunham, et al., “The multipurpose bias device, part Gil, 
the efficiency of logical elements,” IBM J. Res. & Dev., vol. 3, pp. 


46-53; January, 1959. 
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(a) (b) 
A B C D A B C D 
eee) oF Bee, GG Di, Ds fd 
ees a a De Dz ue 3, C4 es tinh 
D;, De eo Ds, f ce 
Dy, Ds fake f; Tat 
jig it 6) 
sia) rs. 
if os 
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(c) (d) 

A B Cc a Ds mARE, see, c nas 
By, Be Ci, Ce Di, Dy ai Bi, Bo Di, Ce EY ee Fan 
C3, Cs » HY C3, C4 ifs D, 

Di, f Dy, f 
pa iif 


PS es 


Fig. 4—Steps in the minimization of the function f=ABC+ACD 


+ BCD. (a) The complete tree. (b) After rule 1 is applied to the 
D column. (c) After Rule 2 is applied to the D column, (d) After 
Rule 1 is applied to the C column. 


TABLE I 
COMPUTATION TIME ¢ FOR A CIRCUIT OF 2 VARIABLES, 
t~(2"*1+50)n! msec 


——— 


Bi, A, D,, Aj i the 
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_ 
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ie) 


Fig. 5—The permutation (C, B, A, D) yields 
a circuit with fewer blocks. 
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Fig. 6—The modified tree which is the result of applying Rule 3 
to the C column of the tree of Fig. 4(c). 


reduce the device count significantly (Fig. 7). Modifica- 
tions of the former type may be determined mechani- 
cally if a third rule is added to the two given above. 


3) Rule 3: For all the logic units of the 7th variable ex- 
amine in pairs those which are connected from the 
same unit of the (¢—1)th variable on the left. For 
each pair so connected examine the output connec- 
tions. If both upper branches (or both lower 
branches) are connected to the same unit on the 
right, the tree is modified by interchanging the 
unit of the (c—1)th variable with one of the units 
of the 7th and removing the second unit of the zth 
variable. The upper (lower) terminal of the ith 
variable logic unit (which is now in the (¢—1)th 
level) is connected to the element which was previ- 
ously common; the lower (upper) terminal is con- 
nected to the (i—1)th unit which has just been 
transferred to the ith level. The upper terminal of 
the (i—i)th unit (now in the 7th level) is con- 
nected to the noncommon element of the old upper 
unit and the lower terminal to the noncommon 
element of the old lower unit. If there is no pair of 
units identically connected on the left or if such 
pairs exist but do not have upper or lower output 
connections in common, no modification is made. 


Rule 3 is applied after a circuit has been designed using 
Rules 1 and 2. An illustration is given in Fig. 6. We 
have found that reductions of this type are rather infre- 
quent once a minimal circuit has been constructed using 
Rules 1 and 2 and all permutations tested.* 


V. GENERAL FoRM OF THE ALGORITHM 


The minimization procedure described above may be 
stated in more general terms: input and output variables 
are not limited to binary states but many have a finite 
number of allowed states. 


A. Problem Statement 


Given a finite number of input variables Ai, Ae, 
., A,, each input variable may assume one of a 
finite number &; of stable states: 


Ze 5 Only 6 of the 402 minimal circuits for 4-variable functions could 
_be reduced by application of Rule 3, 
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Fig. 7—A bridge-type circuit realizes the function f=AB+ACE 
+BCD+DE with six fewer cryotrons than the minimal circuit 
designed by the algorithm but the bridge circuit violates the 
disiunctive-path requirement. 


Ai: 11, @12, * * ° , Gk, 
Aa: 21, @22, * * * , G2,k» 
Aye Qn1,y Qn2, a aes an ken: 


With each A ;, we associate a logical block with one input 
branch and k; output branches; the block is such that 
output branch 7 is active if and only if the input branch 
is active and 4; isin state a,;. The output function F has 
a finite number, /, of stable states: fi, fo, - - - , ft, where 
each 


fi = fi(A1, Aa, eet Ya Nae 


We are to construct a circuit which realizes F using as 
few logical blocks as possible. 


B. Minimization Rules 


Form a disjunctive tree in the » variables. Mark (2.e., 
connect) the terminals of the mth variable units with 
symbols representing the appropriate state of FP. 

Apply the following three rules for each variable in 
turn: An, An-1, °° * , Ae, Ai. For the ith variable apply 
the rules repetitively (z.e., 1, 2, 3, 1, 2, 3, - - + ) until no 
further modifications can be made; then proceed to vari- 
able i—1. If upon reaching some variable no modifica- 
tion can be made, the entire process may be terminated. 


1) Rule 1: Examine each unit of the ith variable sep- 
arately. If all output terminals are identically 
marked, remove the unit and change the input 
terminal marking to the symbol which was associ- 
ated with the output terminal. If the symbols are 
not identical, no modification is made. 


2) Rule 2: Examine the units of the 7th variable in 
pairs. If the sets of output terminals are identical 
remove one unit and change its input terminal 
marking to the symbol representing the second 
unit. If the sets differ, no modification is made. 


3) Rule 3: Examine each unit of the 7th variable sep- 
arately. If all the output terminals contain a com- 
mon symbol, remove that symbol from the out- 
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put terminals of the unit and append the symbol 
to the input terminal branch. If there is no com- 
mon symbol, no modification is made. 


Notice that Rule 3 is a modification of Rule 1: for 
Rule i the output terminal symbols are treated as an 
unordered set, for Rule 3 the output terminal symbols 
are treated individually, that is; if fifofs is a particular 
terminal marking, for Rule 1 fifof; is considered as one 
symbol, for Rule 3 fi, fe, and f; are considered indi- 
vidually. If all of the f; are independent (z.e., ff; =0 
for all 747), Rule 3 will never be needed and may be 
omitted. 

The example of Fig. 8 is carried through step by step 
using the compact notation; the initial and final circuits 


Inputs: 
A: 1, G2, As, Os 
B; hi, be 
C: C1, C2, Gs 


Output required: 


F: fi, fo, fs (0 denotes no connection) 
fi = aybicy + aibic, + debie2 + Axb2e2 + asbie1 + a3bic2 + asbicr 
+ asbicg + aabic3 + aabocr + aaboce + aabocs 
Fo. = Gibic2 + aibecr + aiboc2 + aibecs + asbic3 + adebec3 + asbic2 
A3b2C1 + A3b2C2 + azboc3 


fs = debicy + Ab 162 + debyc3 + asbicr + asbice a asbics 
(a) The complete tree 
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are also shown in block diagram form. The compact no- 
tation and block diagram structure have been extended 


in the obvious manner. 


VI. SUMMARY 


An algorithm is presented which is useful in the 
automatic synthesis of logical circuits utilizing cryotron- 
type components. In its most general form the algorithm 
applies three easily programmed rules to remove un- 
needed components from a disjunctive tree circuit to 
form a collapsed tree structure with a minimal device 
count. Although particular constructions may develop 
circuits with a smaller device count, if the device is inex- 
pensive, a hand design may be ultimately more costly. 


A B G 
By, Bo, Bs, Ba Ci, Ce fi, fife, 0 
COAIGA 2, fo, J2 
GerGe Fs, Fifs, fofs 
Cy, Cs y J1y J2 
Si, fife, 0 
fo, fo, fe 


Sifs, fifs, fife 


1, J1y J1 


(b) Rule 1 applied to the C variable 


A B G A B C 
Bi, Bo, B3, Bg a Is fy Fife, 0 Bi, By, B3, Bg Gi fe fi, Sif, 0 
3) C4 ae 1 Gs —- 
Cs, fo a, fifa, fofs cs 
Sifs, fi fi, fr fist f e et 
Si, fife, 0 ae 
(c) Rule 2 applied to the C variable (d) Rule 3 applied to the C variable 
A B C A B G 
Bi, Bo, Bz, Ba Ci, fo Si, fife, 0 By, Bs, Bs, By Ci, fe Si, fife, 0 
One free Che Os =—s 
1, J2 > Ji, J2 Gi: fe 
fifa, fi pith db dss pipe 
(e) Rule 2 applied to the C variable (f) Rule 2 applied to the B variable 
A B GC A B G 
By, Ba, Bi, By ee i 
Crt fry fib 0 By, B2C3, Bi, Baft ai Si, fifo, 0 
— 0, fi, aS fe 
Tifs fh fu fs fa 0 0, fu fe 


Babes: 


(g) Rule 3 applied to the B variable 


eka 


(h) Rule 2 applied to the B variable 


Fig. 8. cont. 
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(i) The complete tree [corresponds to (2)]. 
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Circuits 


(j) The collapsed tree [corresponds to (h)]. 


Fig. 8—Problem statement. 


APPENDIX 
Theorem 


The single output cryogenic circuits designed by 
Rules 1 and 2 (Section IV-B) of the algorithm are dis- 
junctive and have a minimum device count for that 
class of circuits in which the variable control lines are 
not interwoven. 

Proof of disjunctiveness: The tree from which the 
algorithm is begun is disjunctive. To destroy the dis- 
junctiveness it is necessary to form a branch opening to 
the right, both parts of which may be conducting at the 
~ same time. Rule 1 removes one switching unit but forms 
no inherently new connections and, hence, no branches 
(Fig. 9), next page. Rule 2 removes one unit and makes 
a new connection, but this new connection does not 
form a branch opening to the right (Fig. 9). As no other 
modifications are made, no branches are formed, and the 
disjunctiveness is preserved. 

Proof of minimality: Consider two circuits, I and II, 
which realize the same Boolean function f and its denial 
f° Cifcuit I is designed by using Rules 1 and 2 of the 
algorithm. Circuit IT is a disjunctive circuit with vari- 
ables occurring in the same order as I and having the 
same columnar form of control. Assume Circuit II has 
fewer logic units than Circuit I and suppose the order of 
the variables is P, Q, - -- , 4: 


Either circuit may be divided into two parts by cut- 
ting all the input lines to the logic units of some varia- 
ble, say V. That part of the circuit to the left of the cut 
must develop the 2" terms in the k variables P,Q, +: - , 
U and, as the circuits are disjunctive, each term is car- 
ried on one and only one line (but, of course, each line 
may carry several terms). Each term 7’ may or may not 
be operated on by the variable V according as the line 
on which it is carried is an input for a switching unit of 
variable V (a V unit) or is not an input toa V unit. After 
passing through the V level of logic, the terms, which 
now may be represented as 7 V and TV, are operated on 
by the remaining variables W, X, --- , Z in the part of 
the circuit to the right of the V column. If the two cir- 
cuits are to realize the same function, the logical action 
on the terms 7V and TV caused by the switching units 
of the variables W, X, - - - , Z must be the same in both 
circuits, although, of course, the detailed structure of the 
left parts of the circuits may differ. 

As Circuit I] has fewer logic units than Circuit I, for 
at least one variable, say V, Circuit II has fewer V units. 
Now cut both circuits at the input to the V level and 
consider the 2* terms in the variables P, Omran Ve 
They may be partitioned into four distinct classes: 


Type a: The term is carried on a line which is not con- 
nected to a V unit in either Circuit I or II. 
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BEFORE APPLICATION AFTER APPLICATION 
OP RULES! OFSNULI a! 
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Ft 


F=(f+g)V 
G=(f+g)V 


AFTER APPLICATION 
OF RULE 2 


BEFORE APPLICATION 
OF RULER 2 


Fig. 9—Schematic representation of Rules 1 and 2. 


Type 6: The term is carried on a line which is not 
connected to a V unit in Circuit I but is 
connected toa V unit in Circuit II. 

Type c: The term is carried on a line which is con- 
nected toa V unit in Circuit I but is not con- 
nected toa V unit in Circuit II. 

Type d: The term is carried on a line which is con- 
nected to a V unit in both Circuits I and II. 


By considering these classes of terms, we shall show 
that Circuit II cannot have fewer switching units than 
Circuit 1: 

Terms of Type a are those which are not influenced 
by the variable V and, as they play no role in the unit 
count, are of no interest to us. 

Terms of Type 0 require that Circuit II have at least 
as many V units as Circuit I (not necessarily more for 
one V unit may switch several terms) and, hence, tend 
to make Circuit I have fewer logical units than Circuit 
II. As this contradicts the hypothesis, we do not need to 
consider this type. 

Terms of Type ¢ may require more units in Circuit I 
than II. However, Type c means that variable V does 
not operate on term 7 in Circuit II. But as Circuits [ 
and II realize the same function, term 7 must be 


switched in a similar way in Circuit I. That is, in Circuit. 


I, 7V and TV must be identically connected to the part 
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of the circuit to the right of variable V. But is is ex- 
actly this redundancy that is removed by Rule 1, and, 
hence, there cannot be any terms of this type in Circuit 
I. Thus there are no terms of Type ce. 

Terms of Type d, then, must account for the differ- 
ence in the V unit count. That is, there must be at least 
one V unit in Circuit I] which services more terms than 
a counterpart in Circuit I. Assume terms 74, 72, ---, 
T;, are switched by one unit of Circuit II; its switching 
action may be represented by (1+ 72+ ---+7;)V=F 
and (T;+7oe+ ---+7;)V=G. In Circuit I each 7; 
(i=1, 2, -- -, Rk) must be switched by some V unit (be- 
cause 7; is Type d) and the action may be represented 
by T;V and 7;V. But the part of Circuit I to the right 
of the V column must logically switch each 7;V and 
T,V in the same way that Circuit II does. Circuit II ac- 
complishes this by forming F and G. Hence it must be 
possible to form F and G in Circuit I by 71V+72V 
5. TV and -W34V+ iV +--+ eV poe 
type redundancy is removed by Rule 2 and, therefore, it 
is not possible to find units in II which service more 
terms than a corresponding unit of 1. Finally, then, 
there cannot be fewer V units in Circuit II than in Cir- 
cuit I with respect to Type d terms. 

We conclude then that Circuit II cannot have fewer 
V units than Circuit I. But, as V was chosen to be any 
one of the variables with fewer units, we see that Cir- 
cuit II must have at least as many switching units as 
Gircuit 1 
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Geometric Mapping of Switching Functions * 
M. E. ARTHUR} 


Summary—The geometric map described in this paper is a 
graphic representation, using vectors, of the conditions desired in 
the design of switching networks. This mapping technique makes the 
well-known techniques such as Boolean algebra, the Quine-Mc- 
Cluskey minimization chart, and Huffman’s flow table more effective 
when designing optimum circuits. Its degree of flexibility in the 
selection of vectors is advantageous in certain problems. 


INTRODUCTION 


HE mathematical treatment used in designing 

optimum switching circuits has advanced at an 

ever-increasing rate since the publication of Shan- 
non’s first paper in 1938.12 Switching algebra, fre- 
quently called Boolean algebra, is accepted as a useful 
and powerful tool, and may be used to represent func- 
tions of an infinite number of variables. In practice, 
however, some functions of as few as four, five, or six 
variables may seem unmanageable, especially to a be- 
ginner. As an aid to visualizing a Boolean expression, 
Veitch’ proposed a chart in 1952, and Karnaugh‘ offered 
a refinement in 1953 which has to a great extent super- 
seded the Veitch chart. The Karnaugh map is not too 
successful when more than four variables appear in an 
expression. The Geometric Map described in this paper 
has been used on problems involving as many as ten 
variables. It is intended to supplement switching alge- 
bra, not to replace it. The Geometric Map also works 
well with other techniques, such as the Quine-Mc- 
Cluskey minimization® and Huffman’s sequential circuit 
synthesis.® It has a degree of flexibility which can be an 
advantage in certain problems. 


FRAMEWORK OF GEOMETRIC MAPPING 


Just as the Karnaugh map has a framework of squares 
in which entries can be made, the geometric map has a 
framework of vectors, one for each variable. These 
vectors differ in length or direction, or both and are gen- 


* Received by the PGEC, November 21, 1960. 

+ Space Guidance Ctr., International Business Machines Corp., 
Owego, N. Y. ae 

1C. E. Shannon, “A symbolic analysis of relay and switching cir- 
cuits,” Trans. AIEE, vol. 57, pp. 713-723; December, 1938. 

2C. E. Shannon, “The synthesis of two-terminal switching cir- 
cuits,” Bell Sys. Tech. J., vol. 28, pp. 59-98; January, 1949. _ 

3 EK. W. Veitch, “A chart method for simplifying truth functions,” 
Proc. Assoc. Comp. Mach., Pittsburgh, Pa., pp. 127-133; May 2-3, 
1952. 

4M. Karnaugh, “The map method for synthesis of combinational 
logic circuits,” Trans. AIEE, vol. 72 (Commun. and Electronics, 
pt. 1), pp. 593-599; November, 1953. -— ~ : 

5 E. J. McCluskey, Jr., “Algebraic Minimization and the Design 
of Two-Terminal Contact Networks,” Ph.D. dissertation, Dept. of 
Elec. Engrg., Mass. Inst. Tech., Cambridge; June,, 1956. The first 
part is published in the Bell Sys. Tech. J., vol. 35, pp. 1417-1444; 
November, 1956. ; : Sree ax 

6 D. A. Huffman, “The synthesis of sequential switching circuits, 
J. Franklin Inst., vol. 257, pp. 161-190, 275-303; March and April, 
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erally chosen to form squares or cubes. In the Geometric 
Map only the ends of the vectors are important (how- 
ever, an exception will be discussed later). In Keister, 
Ritchie, and Washburn? and in Caldwell’ one, two, and 
three variables are represented by a line, a square, anda 
cube, respectively. However, Keister, Ritchie, and 
Washburn “unfold” the cube into a planar figure 
equivalent to a three-variable Karnaugh map, while 
Caldwell adds another variable to form a four-dimen- 
sional hypercube. The authors of both books show sym- 
bols placed at the “corners” of the geometric figures, a 
practice continued in this paper. On a diagram of Cald- 
well’s,°al/ the vectors are drawn and they areall the same 
length. Their directions were chosen to make a sym- 
metric geometric figure. The very presence of all the vec- 
tors tends to reduce the usefulness of the figure to some 
extent. In the geometric map, not all vectors are drawn 
on the map, although external vectors are drawn to 
identify the vector with its variable. 

Fig. 1 shows one of the possible frameworks for each 
of the two through seven variables, here shown as Xo 
through X¢. If the variable X; is assumed to have a 
weight 2, and all X; are weighted zero, the sum of 
weights may be entered at the “corners” of the squares, 
as shown in Fig. 1. These numbers are the “condition 
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Fig. 1—Possible frameworks for two through seven variables. 
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numbers” of McCluskey, Caldwell, and others. Other 
possible frameworks for five variables might be com- 
posed of a large cube of small squares, or of the lower 
half of the framework for six variables. Also, six vari- 
ables may be represented on a large cube of small cubes. 
If desired, the intermediate and large squares may be 
superimposed, as on the six-variable frame; however, it 
is not advisable to superimpose squares because of the 
extra time needed to draw them and their tendency to 
cloud the diagram. A little practice makes them unnec- 
essary. 

In use, the actual literals or variables of the problem 
replace the generic variables X,;, and the framework then 
becomes an orderly arrangement of the 2” input condi- 
tions for these variables. Conditions 3 and 11 in all the 
diagrams for more than three variables are clearly at 
opposite ends of the X; variable, as are conditions 5 and 
13. Usually, other symbols are used in place of the condi- 
tion numbers—the most common symbol being a dot of 
sufficient size to distinguish the dotted corners from the 
undotted ones. 

The arrangement of the vertices of the squares cor- 
responds more nearly to the Veitch chart than to the 
Karnaugh map, where squares of squares are used to 
represent an even number of variables. When cubes are 
used, as for the framework of an odd number of varia- 
bles, there is no correspondence of position to either of 
these graphic symbols. The shorter vectors are mentally 
repeated and are shown as dotted horizontal vectors be- 
neath the framework for six variables. Experience has 
shown that this repetition is unnecessary in practice. 

The framework for the variables Y and Z is shown in 
Fig. 2(a). The symbols of the individual variables [Fig. 
2(b)] on this frame assume that a two-terminal relay 
network or a single-output electronic switching network 
is being mapped. The dots indicate that the transmis- 
sion is to be 1 or the output is to appear for the com- 
bination(s) of states of the variables. The undotted 
corners indicate that the transmission is to be 0 or that 
the output is not to appear. In the formation of the sums 
or products of these symbols, each corner of the square is 
considered separately. For a sum of two symbols, a dot 
will be placed at any corner having a dot in either or 
both of the symbols being added; while for a product, a 
dot will be placed only at corners having dots in the sym- 
bols of both factors, as shown in Fig. 2(c)—(e). This is 
true even in the trivial cases of a sum or a product of a 
variable and its inverse, or complement. 

Figs. 3 and 4 are similar examples for the three varia- 
bles X, Y, and Z, and the four variables W, X, Y, and 
Z, respectively. 

It should be noted that in Figs. 2-4 a product of all 
variables appears as a single dot, and a product of n—1 
of the variables appears as two dots which are at oppo- 
site ends of the vector of the missing variable. A product 
of n—2 of the variables appears as four dots which are 
arranged in the “square” of the two vectors of the miss- 
ing variables. For example, the symbol for XZ of Fig. 
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4(d) is a formalized representation of such a square, and 
if dots are drawn on a 4th dimensional cube, as shown in 
Fig. 4(f), they will form one square of the hypercube. 
Similarly, in a sum of all 2 variables, only one vertex is 
not dotted, and a sum of »—1 of the variables will have 


all but two vertices dotted. 
The geometric map brings out “adjacencies” of the 
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Fig. 2—Mapping of Y and Z variables. (a) Two variable framework 
for Y and Z. (b) Symbols of the individual variables. (c) Symbols 
of sums of the variables. (d) Symbols of products of the variables. 
(e) Symbols of sums of products and products of sums. 
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Fig. 3—Mapping of X YZ variables. (a) F(X YZ) frame. (b) Examples 
of individual symbols. (c) Symbols of sums, (d) Symbols of 
products. (e) Symbols of mixed expressions. 
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corresponding parts of sections of the total map. Any 
vertex on an ” variable map is adjacent to ” other ver- 
tices. In the minimization of Boolean expressions we are 
constantly looking for adjacent points or sets of points, 
all of which represent a common output condition. For 
example, consider the function AB+AC+BC, shown 
in Fig. 5. Here, the lower-case letters are placed by the 
dots, so that the contribution of each term can be ex- 
amined separately. Since one variable is missing from 
each term, the small letters must appear in pairs at each 
end of the proper vector. We see that a appears alone at 
the vertex corresponding to 4 BC, and b at the A BC ver- 
tex. However, c does not appear alone. Consequently, 
the term represented by c is redundant. Fig. 6 is a similar 
example of the dual of the preceding example (4B+A4C 
+BC). Dual refers to the interchanging of multiplica- 
tion and addition with no change of the literals. In Fig. 
6(a), there should be an output for only those input 
conditions represented by the corners of the cube at 
which a, 5, and ¢ all appear, since any one missing con- 
tributes a zero to the product. These corners are dotted. 
Since Fig. 6 is treating a product-of-sums expression, the 
failure of c to appear alone is not sufficient to label the 
factor that c represents redundant. It is redundant, but 
the redundancy is shown by the fact that ad never ap- 
pears except as part of the entry abc. This is shown more 
clearly by the inverse symbol of Fig. 6(b). The bar over 
the diagram is to be interpreted as meaning that Fig. 
6(b) is the inverse of Fig. 6(a). In Fig. 6(b), the a@’s indi- 
cate the conditions for which factor @ prevents an out- 
put, and similarly for 6 and c. To form this inverted 
symbol, each corner of the cube of Fig. 6(a) is examined 
and all the missing lower case letters are entered on the 
corresponding corner of Fig. 6(b). Now c never appears 
alone in Fig. 6(b); hence, it is redundant. But for c to 
appear alone in Fig. 6(b), a) would have to appear in 
Fig. 6(a). 

Now consider the function AB+AC+BC mapped in 
Fig. 7. The redundancy in this case is somewhat different 
from the preceding cases. The lower-case letters reveal 
no term that can be dropped completely. However, con- 
ditions 4-7, shown in the three-variable framework in 
Fig. 1, are all present and may be combined into the 
single literal C. If conditions 3 and 7 are separated, the 
result is ABC-+C. Since there is no reason for this sepa- 
ration, conditions 3 and 7, as a pair, yield the result 
wo C. 

Similarly, (4 +B)(A+C)(B+C) may be mapped as 
shown in Fig. 8 (note the change in vector assignments). 
Again, the corners at which abc appear are dotted, since 
these are the only conditions of the variables for which 
an output can occur. The dots indicate that Cand either 
A (conditions 6 and 7) or B (conditions 3 and 7) or both 
(condition 7) must be on for the output to occur. This 
expression reduces to C(A+8). cer SOE 

Asa four-variable example, consider AB+ACD+BD 
_ +CD, mapped in Fig. 9(a). Since conditions 3 and 7 are 

present, the second term may be changed from ACD to 
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AC. By making this change on the map [adding the 0’s 
in parentheses as shown in Fig. 9(b) |, the d term (CD) 
is totally redundant; hence, it may be dropped. 

On the map of the function (A+ B)(A4+C)(B+D) 
(C+ E)(D+E) shown in Fig. 10(a) some time would be 
required to note that abce never appears except as part 
of abcde. The inverse map, Fig. 10(b), shows clearly that 
a, b, c, and e appear alone, while d never appears alone. 

The preceding examples could have been accom- 
plished by Boolean algebra alone. They were chosen to 
show how geometric mapping speeds the Boolean opera- 
tion. 


TREATMENT OF & CELLS 


A “k cell” is defined as the 2" vertices of a geometric 
map which include all the possible combinations of 
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Fig. 5—Mapping of function AB+AC+4+BC. 
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some k variables. Thus, a zero-cell is a single vertex; a 
one-cell is any pair of vertices at opposite ends of one 
vector, etc. As examples, each of the lower-case letters in 
Figs. 5, 6(b), and 7 are examples of one-cells. In Fig. 9, 
the lower-case letters, a, c, and d are two-cells, while } 
starts as a one-cell but becomes a two-cell to make the d 
two-cell redundant. In Fig. 8, each letter covers two 
two-cells with a one-cell in common; hence, they do not 
complete three-cells. In Fig. 10(a), each lower-case letter 
covers two four-cells with a three-cell in common. It will 
be instructive to locate them in the diagram. 

Let us examine the function f(WX YZ) = (2, 3, 4, 6, 8, 
10, 14, 15) shown in Fig. 11. The two-cell of a’s looks 
attractive, but is unnecessary, since it is completely 
covered by the four one-cells marked }, c, d, and e. The 
same thing is shown by the Quine-McCluskey prime- 
implicant chart: prime implicants 0), c, d, and e are 
primary basis rows (Caldwell’s nomenclature) and a is 
-redundant. In this case, the prime-implicant chart did 
not indicate anything more than did the geometric map. 
In more complex problems, the chart will emphasize the 
cells that are covered by other cells in this manner. 


SYMMETRIC CIRCUITS 


McCluskey arranges the binary equivalents of the 
decimal condition numbers in order of increasing index 
of the binary numbers. The index is the number of 
“ones” in the binary number, regardless of where these 
“ones” stand. Fig. 12 shows dotted lines superimposed 
on frames for two, three, four, and five variables. By 


= WXY-+WXZ-+WXZ+WXY+(¥Z) =(WXEWX)Y (WX +WXZ 
b c d e a b oe c d 


(WXYZ)=2(2,3,4,6,8,10,14,15) =] y 


Fig. 11—Mapping of function WX YZ 
=2(2, 3, 4, 6, 7, 10, 14, 15). 
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Fig. 12—Index lines for two, three, four, and five variables. 
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redirection of the long vectors, these “index lines” may 
be drawn as straight lines on frames for more than three 
variables. However, the more formal forms for four and 
more variables may be used with practice. These index 
lines have real value in symmetric relay problems. If all 
the input conditions on each index line have the same 
output condition, considering each index line separately, 
the problem is one of asymmetric circuit. It is suggested 
that the reader demonstrate to himself, by interchang- 
ing the variables in any manner and reassigning the 
condition numbers accordingly, that exactly the same 
condition numbers will appear on each index line. This 
property is related to a characteristic of symmetric 
functions in that it is not which relay is operated, but 
how many of them are operated. 

Let us examine the function WXYZ+WXYZ 
+WxXVZ+WX YZ, mapped in Fig. 13(a)—(c), showing 
three choices of vector assignments. If we rotate the 
small individual squares of Fig. 13(a) clockwise 90°, we 
get Fig. 13(d); or rotating the small squares of Fig. 13(b) 
counterclockwise 90°, we get Fig. 13(e); while reversing 
the W vector of Fig. 13(c) yields Fig. 13(f). Fig. 13(d)— 
(f) has three somewhat different vector assignments, but 
the dots all fall on the number 3 index line, so this func- 
tion is a symmetric three of W, X, Y, and Z, or any 
permutation of these four variables, although not sym- 
metric-with respect to W, X, Y, and Z. 

Let us examine the map of Fig. 14(a) for symmetry. 
Only the index lines 0 and 5 are complete. Notice that 
the pattern of dots on the lower left and upper right 
cubes is exactly the same; furthermore, there is sym- 


WXYZ+WXYZ+WXYZ+ WXYZ = (a) 
a b c d 


ee 
=z=-_— 


Y Ww ——e 
_eX —- Y ———x 
(d) (e) (£) 
Fig. 13—Symmetry of function WX YZ+WX=Z 
+WXYZ+WXYZ. 


A a ra A GH 
ep Viral) yr 


xXo=—=— 
(a) (b) (c) 


Xq 
Fig. 14—Symmetry of five variable frames. (a) fLXoXiXeX 3X4]. 
(b) F[XoX1X2NX4Xs]. (c) SX 0X1X2X 1X3] = SiaX ok XEN GX a: 


1961 


metry on all cubes with respect to parallel diagonals of 
the cubes. The end of these diagonals are marked with 
stars. Rotating the large square 90° counterclockwise, 
without revolving the cubes, yields Fig. 14(b), which is 
now symmetric with respect to X; and X4. Rotating each 
of the small cubes of Fig. 14(b) 180° around the X, 
vector, yields Fig. 14(c). Comparing Fig. 14(c) with the 
five variable frames of Fig. 12 shows that this function 
is Si,2 (X4, Xs, Xe, Xi, Xo). Had the large squares of 
Fig. 14(a) been rotated 90° clockwise, a similar set of 
steps would have led to S3,4 (Xu, X3, X2, X1, Xo), which 
is another form of the same expression. 


CONCEPT OF PATTERNS 


The concept of patterns, when enlarged to mean the 
relative positions of all the dots on a symbol, is an im- 
portant one in connection with geometric mapping. 
Thus, the maps of Fig. 13 show four different positions of 
one pattern, and those of Fig. 14 show three positions of 
another pattern. On any map for variables there are 
n! possible assignments of the variables to the vectors. 
For every such permutation of the variables there are 
also 2” inversions of the variables, shown in Figs. 13 and 
14, which are obtained by reversing some vectors. 
Hence there are 2” Xm! maps for any function of  varia- 
bles. Symmetry, either partial or total, reduces the 
number of positions any one pattern may assume [note 
Fig. 13(d)-(f)]. This being a 4-variable example, it 
could have 384 maps, but due to symmetry these maps 
will appear in only 16 different positions, 4 of which are 
shown. Figs. 5 and 6 display three positions of another 
pattern, which can appear in 24 positions. These pat- 
terns correspond to Caldwell’s classes of Boolean func- 


tions and to Slepian’s!° symmetry types. By making full 


use of patterns, only 6 circuit types or classes need to be 
known to satisfy all the 16 specific functions of 2 vari- 


~ ables, only 22 types for the 256 functions of 3 variables, 
_ and only 402 types for the 65,536 functions of 4 varia- 


bles. 
The author made a list of the 402 circuit types for 4 


- variables only to discover it was not universally useful 
- because of what we may call ground rules. Ground rules 
_ may exist because of efforts at standardization, the ne- 


cessity to use what is available, the need to use items or 
circuits that will “fail safe,” or for any number of other 
reasons. Standardization may cause us to use a diode 
AND gate which can drive a diode OR gate in an elec- 


tronic circuit; however, the OR gate cannot directly 
_ drive another AND gate of the same kind. This ground 
~ rule would prohibit instrymenting the function (A+B) 


(C+D) using two OR gates to drive an AND gate. Us- 


- ing whatever relays are available might cause one to 


use solenoid type ac relays, whose release time is less 


than their transit time. This ground rule would require 
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careful design of any circuit in which a normal transfer 
contact was used in the hold path of another such relay. 
In the design of circuits to control the warning lights at 
a railroad grade crossing, it is better for the lamps to 
flash needlessly than for them to fail when a train ap- 
proaches. 

Let us assume that we must design a relay circuit to 
control relay Y according to the map of Fig. 11, using 
the solenoid type ac relays. A “first try” circuit might be 
the one shown in Fig. 15(a). In this circuit the coil of 
relay Y will be ciiergized by the one-cells c and d, that is, 
either W or X operated, but not both. Now if Z is 
operated, Y is de-energized, and if Z is again released, Y 
will again be energized; however, if either W or X change 
state, Y will be de-energized before the required hold 
path is established. Knowing of the a two-cell of Fig. 11, 
we might make the circuit usable by adding another Y 
or Z contact. A more economical circuit results if we 
note that WX+WX is the complement of WX+WX 
and use the Boolean identity VY-+VZ=(V+Z)(V+Y) 
where V=WX-+WX, as shown in Fig. 15(b). The re- 
dundant YZ term is included by this rearrangement. In 
any example where continuity must be maintained, it 
may be shown by adding dotted lines from dot to adja- 
cent dot as in Fig. 15(c). Again, experience has shown 
that if one is aware of this necessity, the dotted lines are 
not needed. 

Another group of symbols is shown on the same map 
in Fig. 15(d). The numbers in this case might be the 
“state numbers” of a Huffman’ flow table. For the relay 
Y a number in a circle represents a stable state, and the 
number not in a circle represents an unstable state. For 
instance, in states ©, ©, ©, ®, etc., Y is unoperated and 
de-energized (stable states) and in states ©, ©, @, @, 
etc., Y is energized and operated (again, stable states). 
Note that with X on alone (state 3), Y is energized, but 
unoperated. Assuming that this state persists long 
enough for Y to respond, Y will operate, changing the 
point of our interest from 3 to @, where Y is energized 
and operated. Should Z now also become operated, our 
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Fig. 15—Relay circuit using ac solenoid-type relays and 
corresponding s'ate numbers, 
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interest would move from ® to 4, where Y is operated 
but de-energized (an unstable state). Y will then re- 
lease, moving our interest to ®. As shown in Fig. 15(d), 
when Wand X are both off or both on Y has only stable 
states; however, with either W or X on alone Y may 
have unstable states. This map gives us a feel for the ac- 
tion of the circuit of Fig. 15(b). 


A SEQUENTIAL EXAMPLE 


Let us examine the use of the geometric map in the de- 
sign of an electronic circuit to control a stepping motor. 
This stepping motor has a permanent magnet rotor and 
two centertapped stator windings which are mechani- 
cally arranged at right angles to each other. There is no 
mechanical detent, the rotor being moved to or held at 
a given position by applying power to one or the other 
half of one or both stator windings. For the present ex- 
ample power will be applied to both stator windings to 
take advantage of the 40 per cent increase in output 
torque. The two inputs, F and R& (shown in Fig. 16), 
never occur together or close together. Each pulse on 
line F advances the stepping motor one step of 90°, 
clockwise, and each pulse on line R moves the stepping 
motor one step of 90°, counterclockwise. To avoid 
“sround rule” problems, it will be assumed that the 
pulses are adequate to operate the flip-flops, used for in- 
ternal memory, even after passing through the AND and 
OR gates. The AND gates will be symbolized by trian- 
gles, the OR gates by semicircles, the flip-flops by rec- 
tangles identified by FF, and the power drivers for the 
motor by rectangles identified by D. 

The first step in the formation of the primitive flow 
table® is to note that for each of the four possible posi- 
tions of the stepping motor there exists a stable internal 
state for each of the following three input conditions: 1) 
no input pulses, 2) a forward input pulse, and 3) a re- 
verse input pulse. In Fig. 17(a), these stable-state num- 
bers are arranged in arbitrary order and the changes of 
input, ruled out by the statement that the pulses never 
occur together or close together, have been filled in with 
dashes. Fig. 17(b) is the same table as Fig. 17(a) with 
the required changes of the secondaries to produce the 
changes of the output (Z column) described above, and 
with the 11 column dropped because it is not required. 
As it appears the table of Fig. 17(b) would require four 
internal flip-flops to separate the twelve stable internal 
states. Rows which have no conflicting entries may be 
“merged,” providing circled entries retain their circles, 
and dashes do not conflict with any other entry. The 
table of Fig. 17(b) may, therefore, be shortened to that 
of Fig. 18(a) for which only three flip-flops are required. 
Before drawing the geometric map, it is well to examine 
the sequence which the rows of Fig. 18(a) must follow 
to avoid critical races or an excessive number of second- 
ary states. By referring to the letters to the right of the 
Z column in Fig. 18(a), a figure such as 18(b) can be 
drawn. Each loop in such a figure as this should have 
an even number of nodes, extra node(s) being added if 
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Fig. 16—Circuit for stepping motor. 
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Fig. 17—Primitive flow tables. 


needed. Practical problems occur in which it is possible 
to go from one secondary state to a second by passing 
through a third state, which also leads to the second 
state. This requires two secon@ary changes possibly in a 
given order but may be acceptable at times. Since this 
example has two inputs and three secondaries, or in- 
ternal elements, a five-variable frame is needed. A cube 
of squares is used with the inputs on the squares and 
with the secondaries on the cube as shown in Fig. 18(c), 
since this emphasizes the difference between the two 
kinds of variables. In the first step of preparing the geo- 


Z (2; Zp) 

1 (00) a—»f,h 
2(01) b—e, g 
42 3(11) c—f, h 
9  4(10) d—e,g 
(9) 1(00) ea 
2(01) f—=b 
Qi) 3 (11) g—ee 
® 


4(10) h-#d 


Fig. 18—Geometric mapping of a circuit to 
control a stepping motor. 


metric map, the letters of Fig. 18(b) are entered in the 
squares so that only one flip-flop changes state for 
each change of inputs. Caldwell’ shows how this is al- 
ways possible but may require added secondaries. Then 
the state numbers of Fig. 18(a) are entered at the proper 
corners of the squares. The dashes at the upper right 
- corners of the squares are the same as the 11 column of 
Fig. 17(a) and are invalid conditions (these dashes will 
never occur, according to the statement of the problem). 
We may use these conditions where the dashes appear as 
we please to simplify the circuit, if we are willing to take 
the calculated risk should any of these inputs occur. 
From Fig. 18(c) we must now extract the controlling 
conditions for each of the flip-flops and the output. Since 
a flip-flop once set to a given state by a pulse on one in- 
- put will remain in that state until reset by a pulse on the 
other input, we do not have the problem of maintaining 
continuity, as in Fig. 15. As an aid to extracting these 
controls, Fig. 18(b) may be augmented to show which 
flip-flop changes state when going from letter to letter, 
asin Fig. 18(d). In Fig. 19(a)—(c) dots indicate that the 


Arthur: Geometric Mapping of Switching Functions 


637 


(b) (c) 


(d) (e) 


Fig. 19—Mapping of trigger states for stepping motor circuit. 
(a) f(T]. (b) flZ2]. (c) fITs]. (d) flZil=Tr. (e) f[Z]=To. 


flip-flop is to be set and circles indicate that the flip- 
flop is to be reset; where no change is required for a 
given flip-flop, no entry is made. The only dashes 
shown are for those invalid conditions used to simplify 
the circuits. 

Before their geometric maps are drawn, the outputs, 
designated by decimal numbers in Figs. 17 and 18(a), 
must be converted to a cyclic-binary code to be com- 
patible with the stepping motor. One possible code is 
shown in Z;Z, column of Fig. 18(a). If we assume that 
the response of the stepping motor will be adequately 
rapid when controlled by only the flip-flops, the maps 
of Fig. 18(d) and (e) can be used for the outputs. This is 
a reasonable assumption since the flip-flops should re- 
spond in microseconds while the stepping motor will re- 
quire milliseconds. In the circuits for FF1 and FF2, 
Fig. 16, the “invalid” conditions are used, thereby sav- 
ing eight diodes in the AND gates. The state numbers 
for which each AND gate opens is shown by its output 
lead, and the state numbers for which each driver allows 
current through the motor winding is shown by its out- 
put line. 


CONCLUSION 


Although problems involving 12 variables have been 
mapped, the examples presented here have been limited 
to fewer than 6 variables to introduce the subject. Hav- 
ing once mastered this technique on the fewer variables 
the geometric map seems to gain power with greater 
numbers of variables. 
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Bibliography on Switching Circuits and 
Logical Algebra* 


PER A. HOLSTT 


Summary—This bibliography, which covers material published 
through 1958, contains nearly 700 references to articles, books, sem- 
inars, and other bibliographies pertaining to the theory of switching 
circuits and logical algebra. A relatively large number of the refer- 
ences are to foreign works, of which the Russian contribution is by 
far the greatest. An effort has been made to give exact bibliographical 
references; wherever possible, the titles of the foreign items have 
been listed in their original language, together with an English 
translation. Appended to the chronological bibliography are a list of 
books, a list of other bibliographies, an author index, a subject index, 
a list of periodicals, and a list of frequently used Russian abbrevia- 
tions. 


INTRODUCTION 


HE nearly 700 references in the bibliography 

cover the time period through 1958. They are ar- 

ranged alphabetically by author for each year 
from 1938 through 1958, and are preceded by a chrono- 
logical listing of the “prehistoric” papers published prior 
to 1938. The year 1938 was selected because of the 
important works presented at that time, such as the 
well-known paper by Claude E. Shannon [33], the 
English translation of a number of Japanese papers by 
A. Nakasima [19], [20], [25], [30]-[32], the disserta- 
tion at the Lomonosov State University by the Russian, 
V. I. Shestakov [35], and a variety of German, Aus- 
trian, and other papers. 

During the succeeding years, a rapidly increasing 
number of works have appeared in the fields of switch- 
ing circuits and logical algebra, in the areas of both 
theory and application. Except for a relatively few 
scattered papers from Europe and the far East, the ma- 
jor contributions have come from American and Russian 
works. These are often parallel or complementary due 
to linguistic and other barriers preventing the complete 
exchange of information. Only in the last few years has 
any considerable amount of translational service been 
available to improve this situation. Since a major part 
of the non-English references in this bibliography deals 
with Russian and other Eastern European works on 
switching circuits and: logical algebra, it is hoped that 
this work may be a contribution to the reduction of the 
existing barriers. 

The references have been listed with name of author 
or authors, title (in the original language whenever pos- 
sible, either directly or in a transliterated form, with an 
English translation of the title), and the bibliographical 
information pertaining to periodical, volume, number, 
pages, and date. In a few cases, the available informa- 


* Received by the PGEC, April 12, 1961. 
} Appl. Phys. Dept., Chr. Michelsens Institute, Bergen, Norway. 


tion has been considered incomplete or unreliable, but 
in the interest of completeness, nothing known has been 
omitted. Since the bibliography was compiled during a 
short period of time, only a few cross checks could be 
made; thus, many significant works may have been 
overlooked.! References to works on the applications of 
switching circuits and logical algebra have been in- 
cluded when found to be of sufficient general interest. 

Titles and names in Russian have been given in a 
transliterated form, corresponding to the standard Eng- 
lish transliteration alphabet, with the exception of the 
letters “to” and “sa,” which have been transliterated “ju” | 
and “ja,” respectively, instead of the usual “yu” and 
“ya,” mainly for the spelling of names, e.g., Jakovlev 
instead of Yakovlev. Also, the letter “a” has been re- 
placed by “j.” 

At the end of the bibliography a separate list of books 
is given, together with a list of additional bibliographies 
giving references in the fields of switching circuits and 
logical algebra. An author index and a subject index 
are also included, together with a list of the periodicals 
mentioned in the references and a list of frequently used 
Russian abbreviations. 
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An Algorithm for Rapid Binary Division* 


J. B. WILSON}, AssocraTE, IRE, AND R. S. LEDLEY{, MEMBER, IRE 


Summary—A new algorithm is given for reducing the number of 
additions and subtractions required in binary division in a com- 
puter. The algorithm is presented in two parts. A simplified algo- 
rithm, which can significantly reduce the number of operations with 
minimal additional circuitry, is used to develop the justification of 
the method. The complete algorithm introduces modifications which 
allow the minimum number of operations by examination of no more 
than the leading five bits of the divisor and remainder. An average 
of two-thirds can be saved in the number of operations. 


INTRODUCTION 


BINARY number can be thought of as composed 
A of strings of units, strings of zeros, strings of 
units including isolated zeros, and strings of 

zeros including isolated units. For example, the binary 
number in Fig. 1 has a string of units from the 27! 


0.111100001101100100 
2-90 — 9-4 958 es ee 


A convenient shorthand notation is to place “+” or 
“__” above those positions of a binary number whose 
values respectively contribute to or decrease the mag- 
nitude of the number. Thus, would write for the number 
OfeligeeL 


oS on ee 
0.111100001101100100. 


The generality of these elementary observations is 

clear. A 
Smith and Weinberger? utilized such a decomposition 

of binary numbers in developing a technique of rapid 


f°) tf eee Sa SOs naa SO WT ities 3. SA NS al Oo ieee ogmm iat poetet area 
Dae os eee at Legh Gh he Cee Cheers Cas sso) Tae Mee) Ae eee O...0' LO 2e0> “bina vaanuniver: 
ee ue Oe OOO Te Eee TO 
string string isolated zero isolated unit 
of units of zeros in string in string 
| of units of zeros 


ees 


Fig. 1—Illustration of the decomposition of a binary number in terms of strings of units and zeros, with isolated zeros and units. 


to 2+ positions, a string of zeros from the 2~ to 2-8 
positions, a string of units from the 2~° to 2— positions 
with an isolated zero at the 2—!! position, and a string of 
zeros from the 2—' to 2~!§ positions with an isolated 
unit at the 2~' position. The significance of this string- 
type decomposition of a binary number depends upon 
three elementary observations: 1) a string of units from 
2—” to 2~2 positions contributes a value of (2—?+!— 2-2) 
to the magnitude of the number, for example 0.11111 
= {1—0.00001 =2°—2-; 2) an isolated unit in the 2— 
position in a string of zeros contributes 2~”, for example, 
0.00100 = 2-*; 3) an isolated zero in the 2~¢ position de- 
creases the magnitude of the number of 2~¢, for example, 
0.11011 =0.11111—0.00100 = 2°—2-8—2-. Altogether, 
then, we can write the binary number of Fig. 1 as 


* Received by the PGEC, November 25, 1960; revised manu- 
script received, May 26, 1961. The research in this paper was sup- 
ported by the Information Systems Branch, U. S. Office of Naval 
Research, under Contract No. Nonr. 3265(00) with the National 
Biomedical Research Foundation. 

} National Biomedical Research Foundation, Silver Spring, 
Md. Formerly with the School of Engineering, The George Washing- 
ton University, Washington, D. C. 

{ National Bio-medical Research Foundation. Formerly with the 
National Bureau of Standards, Washington, D. C. 


multiplication, for only those additions to or subtrac- 
tions from the partial product need be performed that 
are indicated by the decomposition of the multiplier. For 
example, 


(0.1101) (6.1101100100) = (0.1101)(2° — 2-8 — 2-5 + 2-8) 


requires only four operations. Clearly there can be dif- 
ferent decompositions for the same nonzero binary num- 
ber. Rules for obtaining a “best” decomposition, in the 
sense of having the least number of terms, are given by 
Smith and Weinberger (discussed by Ledley!), Leh- 
man,® Tocher,* and Reitwiesner.®’ Following Smith and 


‘For a more detailed discussion of this decomposition and its 
applications to rapid arithmetic, see R. S. Ledley, “Digital Computer 
and Control Engineering,” McGraw-Hill Book Co., Inc., New York, 
N. Y., ch. 16; 1960. 

_?J. L. Smith and A. Weinberger, “Shortcut Multiplication for 
Binary Digital Computers,” NBS Circular 591, Sec. 1, pp. 13-22. 

*M. Lehman, “High speed multiplication,” IRE Trans. ON 
ELECTRONIC CoMPUTERS, vol. EC-6, pp. 204-205; September, 1957. 

*“K. D. Tocher, “Techniques of multiplication and division for 
automatic binary computers,” Quart. J. Mech. and Appl. Math., vol. 
11, pp. 364-384; August, 1958. 

® G, W. Reitwiesner, “Binary arithmetic,” in “Advances in Com- 
puters,” F, L. Alt, Ed., Academic Press Inc., New York, N. Y.; 1960. 
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, Weinberger, two or more adjacent zeros should be con- 
sidered as a string; two or more adjacent units as a 
string; cases such as 0101010 should be considered as 


++ + + 
0101010 rather than 01010 1 0, that is, as isolated units 
rather than as isolated zeros in a string of units; and so 
forth. For rapid multiplication, a best decomposition 
must be obtained. The method of rapid division to be 
described essentially reverses this rapid multiplication 
process. 


The Two Algorithms 


We shall present first a simplification of the algorithm, 
in order to explain and justify the process more easily. 
This partial algorithm has the advantage of extreme 
‘simplicity and in a majority of cases significantly re- 
duces the number of operations required for division. 
Finally, we shall give the modifications necessary to 
take full advantage of the method, presenting the com- 
plete algorithm that produces the minimum number of 
operations for division. 

The relation between our algorithm and others previ- 
ously given in the literature is as follows: Our partial 
algorithm gives an explicit form for binary numbers of a 
procedure that is suggested by Tocher.* Our complete 
algorithm achieves maximum efficiency in reducing the 
number of additions and subtractions to a minimum. 
Robertson® allows alternative decomposition of the 
quotient to accommodate at most one addition or sub- 
traction for each two binary positions and exhibits sets 
of comparisons of the leading digits of the divisor and 
current remainder by which his process is controlled. 
We allow alternative decomposition, within narrower 
limits, to yield a “best” decomposition, and we exhibit 
the precise configurations of leading bits of the divisor 

~ and remainder which must be examined to conform to 
our limits. Reitwiesner® develops a “canonical” mini- 
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mum decomposition for the quotient, and demonstrates 
how to obtain it by comparisons made at each bit of the 
quotient; but his comparisons are made over the full 
lengths of the divisor and remainder. Tocher also re- 
quires comparison of the full lengths of the divisor and 
remainder, by virtue of his employment of the factor 
2/3. Other writers using different approaches have, inso- 
far as we know, been unable to achieve maximum effi- 
ciency. The principal factor in the development of our 
algorithm is our acceptance of alternative “best” de- 
compositions whenever convenient to do so; thus, we do 
not necessarily cinploy the “canonical” form developed 
in most of the cited references. 


THE SIMPLIFIED ALGORITHM 


The procedure is summarized by Fig. 2;’ the pro- 
cedure ends when 7 reaches the number of bits desired 
in the quotient. We assume that the binary point is to 
the far left of each word, that the denominator D is 
positive and normalized (its most significant bit a 
unit), that the numerator JN is positive, and that V<D, 
with N either normalized or with a single zero after the 
binary point. The first step is to form the first remainder, 
N’=N-—D. Since, with our initial assumptions, NV’ is 
negative, the negative loop of Fig. 2 is followed. If NV’ 
has @ zeroes to the right of the binary point, then the 
quotient Q has at least a—1 units to the right of the 
point. (In this initial step, Q;=0 for 7=0 means merely 
that Q<1.) Now N’ is normalized and the second re- 
mainder, N’’=N’+D, is formed. If N’’ is negative, 
then Qo4.=0, and the following bits are units. If N’’ 
is positive, then Qoy2=1, and the following bits are 
zeros. The procedure continues in this way, differencing 
and normalizing each time, and determining Q; and 
O.41 through QG+a)41 at each step. For example, con- 
sider N=.1001 1111 0000 1100 and D=.1101: 


N: iatOeieetet sil a0. 07070 1: 10 0 quotient Q: 
—D:—.1101 

ae te 5050-0) 1a t-1-55.0.1<0 0 Omi 

5 pa Bi pete dee tt | 

nN: eee ahi ls 40. 0r0.> 101.0 0 LOO OF 

= 00) = tah ge Ot | 

Ie Se oem vOsly lp amO-1 0-0 .1100 0011 i 

sau Me Sit eel) md | 

Ney: = 50:0" 200.0; 0 ml POOP TOOT yl LOG eae 


“A new class of digital division methods,” IRE 


6 J. E. Robertson, : 
d Computers, vol. EC-7, pp. 218-222; Sep- 


TRANS. ON ELECTRONIC 
tember, 1958. 


7 The complete algorithm also follows Fig. 2, with the step nor- 
malizing N® modified by Rules I and II given below. 
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Binary point is to the left of 

the word 
N= DQ, D>N, D is normalized 
Process ends when i = number 

of bits in a word 


Normalize N‘®, shifting, 
say, @ positions 


Each Q;,, through Q;;,.)_,=0 


Each Q;,, through Q,,,.) = 1 


Fig. 2—Flow chart for rapid binary division (see footnote 7). 


As a further example consider V=.1011 0000 0110 
and D= 1101: 


Vert 15 Oe tioweOrO: OL0R Oats 0 
—D:— .1101 

Nov 005021 seal ini at 104120 
+D: star as bee IPG) $1 

Wie Se ee the Onl nde Ont sO 
+D: ee AOE ea 

NAN s Bae O 050 se ete 0 
—D: ied sO" 
NE +,.0 0 0.1 


In this example the first zero and the fifth unit were 
isolated. 


Rationale for the Algorithm 


Some preliminary elementary observations will aid 
the subsequent discussion. First note that 


Y 


Tt 
Dee i tate leet eld (1) 
but that if 0<R<1, then 


12 


tye 2-7 PPR) ett eet ee (2) 
Next, observe that if 2-!<D<1 and 
M=DX, where M=.00-*-001-:. —@) 
then 


y 


12 0 
Xi— 700s of} + 2-7X’ (4) 


with 2-7X’, z.e., the rest of X, such that 0<X¥’<1— 
since with 2-795 M <2-"and 27 <D<1inxX= M/D, 
(2-111) <X <(2-7/2-1), whence 2-71<X¥ <?2-141, 
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Similarly if 2?<D<1land 


¥ 
M=D(X—1), whee M=-—.00---001--- (5) 


then 


Y 
Peer 
where 0<X’<1. We shall frequently refer to these 
equations. 

The initial conditions are V=DQ, D> N>0, 2N>D, 
and D is normalized (i.e., 2-1<D<1). The first step is 
to form 


NG ND OD) 
where V’<0. Suppose that N’=—.00---001---, 


then the conditions of (5) are satisfied and the first a—1 
bits of Q are found by applying (6): 


quotient Q: 
Oe it | 

1101 

2 

AONE a 


$101 LOOT O02 sacs 


0 
(Res alec 14, 4 Fag’ 


where the a bit is as yet undetermined. To proceed with 
the iteration, we use the index s. The first step has left 
us with the general case A: 


N® <0 and N® = D(Q&-) — 14) (7) 
where 


a 


0 
OC) = 11... 1,4 + 2s 030 le eee 
We next form 
NCW = 24 + D = DQ) — 142-2), (0) 


Three subcases may arise, N@tD0=0, N@+) <0, or 
N+) >0, which are treated as follows: 


Al) N¢t) =0: Then by (9), we find Q¢-) —142-«=0, 
or Q@-)=1—2-«, which determines the a bit as fi; 
Q“ =0, and the division process is completed. . 
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1A2) N@t) <0: Then by (9), since D>0, we find 
Qe) —142-2<¢ 
ig <1 —2-*= 11 -- - 11, whence 


OFS 11. 10 4 2-eQ(s), O0ere 


which determines the a bit for this subcase. Thus, 


OG —1—2*= 11---104+ 29 —142- 
— 1 a 2-(a-1) + 2-202) =| + Q-@ 
=2-*(1;-72.1 O%)) 
ee 1) 
which by (9) gives us 
NED = DIO — 4), (10) 


8 
Suppose that N@tY™=—.00---01---, then by (5) 
the next 6 —1 bits are determined, as in (6): 


8 
0 
Q@) = 11--- 4 + 2806+), 0 < QGtD <1. (11) 


Consider the next successive iteration after subcase 
A2): Note from (10) and (11) that subcase A2) has left 
us in the same situation as in the general case A, (7) and 
(8), with s+1 replacing s. Hence the next successive 
iteration involves forming (9) etc., closing the loop for 
this subcase. 


; A3) N¢*+)>0: Then by (9), since D>0, we find 
OG =a => 15 

or fein Uiye —  oe 11 ee 11 that is, 
QCD) = 11---114+2-0, 0<Q9 <1. 


Hence the a bit is 1. On using (1) again, we find 


i = = Ail 11 42 <0 — 14 2-4 


a Pia OM 
which from (9) gives us 
NG = DO, (12) 
B 
Suppose that N+) =.00 - - - 001 - - - ; then the con- 


ditions of (3) are satisfied, and by applying (4) the next 
G—1 bits are determined: 


8 
0 

O® = .00--- 0} \ +2606, 0 < QHD <1 (13) 
1 


where the B bit is as yet undetermined. 

Consider the next successive iteration after subcase 
A3). If in (12) and (13) of subcase A3) we replace s+1 
by s, we have the general case B [compare with (7) and 


(8) J: 
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NO>0 and NV = DQG) 
B 


0) 
Q(s-1) = (f0m oon oft + Pg OMS (0) < QO) ee ln (15) 


(14) 


We next form 


NCH) = NG) — D = 2BD(QC-) — 2-8), (16) 


Three subcases may arise, V@+) =0, V6+D <0, N@+H)>0, 
which are treated as follows: 


B1) N@t)=0: Then by (16), O®-) =2-8, which deter- 
mines the 8 bit as 1: Q®=0, and the division proc- 
ess is completed. 


B2) VG <0. Vhen by, (16), OF-) < 282 or 


B 
Ol = 00-00 £200). 0< Oe 1 


determining the 8 bit for this case. Thus, 


QC) — 2-8 = 00--- 004 2-69) — 2-8 
= 2-49 —1) 
which from (16) gives us 


NG+D = D(Q®) — 1). (17) 


Suppose that V@tD=.00-- - 1, then by (5) and (6), 
we find the next y—1 bits as above. The next successive 
iteration after subcase B2) clearly follows the general 
case A, closing the loop in this subcase. 


B3), NG) 0a hens bye(16) (OCs =23°30n 


8 
QOC-) = 00--- 01+ 2-40), 0<Q0 <1 


determining the 8 bit for this subcase. Thus, 
B 
Qe-) — 2-6 = .00-- - 01+ 2-4-9) — 2-49) 


from which, by (16), we find 


NG = DOQ®), (18) 


Suppose that V@t) =.00- - - 1, then by (3) and (4) 
we find the next y—1 bits as above. The next successive 
iteration after subcase B3) clearly follows the general 
case B, closing the loop in this subcase. Since all possi- 
bilities are completed, this concludes the discussion. 


Bad Cases 


Although this simplified algorithm will reduce the 
number of subtractions required in the majority of 
cases, for a certain minority of cases normalizing NV“ 
would result in shifting NV“ either one place too far or 
not far enough. Consider for example (Case I) two ways 
of dividing VW =.011001010001 by D=.100001, the first 
following the flow chart of Fig. 2, the second following 
the flow chart by choosing Q;, but shifting V“ one place 
less on the second differencing: 


666 
Se OT eg) in DW Ona A 
= Ome! 
ey e0 00M Heli Ord Mi lel Ome Oe Ont ae 
pe LOG, Ont | 
Py Ovitig Oapatmiet 1102 
HP or On0el | 
AOS IL OLO ORL 1100? 
180. 0) 0s Onl | 
eS Oeinor0gdLonl 11000? 
+5 $10°0.0 0° | 
000000 110001 
enn e ie 01041 On1a0, LOM 
75020. 0001 
Vt Osta aie ieOl S17 te lee O tale 
eet 70,000 80e | 
+ 0000100001 11000? 
RPO. OF OR 0n4 
SOMO TOMO. 110001 


The first required five differencings, the second only 
three. 

Consider also (Case II) two ways of dividing 
N=.100010001 by D=.1101, the first following the 
flow chart of Fig. 2, the second following the flow chart 
for choosing the Q;, but shifting NV“) one place further: 


a1 020~) 4000.0 1 
5 Baan 
0.1 00.01 1eiehe O= Or 
iat | 
— .0.1000001 1? 
eat ial | 
+ 50.1:0 0114 10 
= stay beh thes) 
LOR ean 
Bear latnOil 
0000 
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$x1.00010001 Q=.? 
Se eieort | 
zs <0) 1405 08000 LORD 10? 
eee shea Aid| | 
"0 OAPI 1010? 
EN tata ant | 
0000 10101 


The first required five differencings (one for each 
place of Q), the second only three (one for each unit of 
Q). In fact if Q had been, say, a 44-bit word alternating 
ones and zeros, then the first method would have re- 
quired 43 subtractions, the second only 22. 

For the maximum speed of division (7.e., for the mini- 
mum number of required subtractions), the algorithm 
must recognize these and similar cases, and adjust the 
normalizing accordingly. The above two bad cases | 
illustrate the two categories calling for adjustment: Case 
I illustrates the failure to recognize the end of a string 
of units (or zeros) so that NV“ is shifted beyond the end 
of the string. Case II illustrates the failure to recognize 
an isolated unit (or zero). 


THE COMPLETE ALGORITHM 


The most efficient possible method for generating a 
quotient would be precisely to reverse the rapid multi- 
plication process mentioned above. Consider, for ex- 
ample, the following products V=D0Q: 


0.4.0:0.0 01 eaD 
+ = + 
0.4% 00-011 =aeo 
+0100001 
SOO Osh Oe 
4070: Onl teit fala tated 
10710 O20 Oat 
0.0.44 020.45 Ou 1020 Onan 


Olt) 10st noes 
+ + + 
0.1 OO Tie 
Se Ai atts Wii enh 
SOM TNO eto 
+010000010 
+ 0154 0710 
021-10 70:.0505 OOAGrtAOteeny 


where we have utilized the rapid multiplication process 
as indicated. Comparing these with the previous two 
cases above, one sees that the shorter examples of divi- 
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‘sion are the reverse of rapid multiplication. Thus, dur- 
ing division we desire to perform only operations cor- 
responding to a minimum decomposition of Q. Of 
course, we don’t know Q to begin with, and this is 
where the problem lies. 

In the partial algorithm, the moving of the binary 
point, t.e., the shifting of N with respect to D, is of 
course accompanied by a moving of the binary point of 
Q, since N=DQ, and D remains normalized. In the 
above illustrations we neglected to indicate this, since 
at the end of the division operation the binary point is 
replaced in its normal position. However, in the follow- 

- ing discussion it is convenient to consider the more cor- 
rect corresponding binary-point movement in both NV 
and Q, and the discussion of “where the shifting stops” 
or “should stop” in terms of Q (or Q®) is to be directly 
related to the shifting of V (or N“) with respect to D. 

The complete algorithm follows the same flow chart 
as the partial algorithm (Fig. 2) except for the number 
of positions a that VN is shifted. In the complete algo- 
rithm the number of positions shifted may be one less 
than, equal to, or one more than that required to nor- 
malize NV“, depending on rules to be given below. The 
above bad cases have illustrated examples where shift- 
ing one less or one more place is more desirable than 
normalizing. This occurs because simple normalization 
will not necessarily result in the best decomposition for 
Q. If we knew the best decomposition of Q (which as yet 
we do not), then each successive shift (from left to 
right) should stop with the binary point at the right of 

- a position requiring an operation. For our illustrations, 

for example, the binary points below indicate the posi- 
tions at which the successive shifts stopped: 


+ + 4+ 
i 


Q = 0.11.000 Q = 01.01.01. 
Note that these positions correspond to positions to the 

- right of each successive “?” in the desired rapid division 
process, where the next following bit of Q after the “?” 
usually is changed from 0 to 1 or 1 to 0, according to 
the flow chart of Fig. 2. 


_ Alternative Decompositions 


It is important to note that there are cases for which 
a choice of the best decomposition exists, such as in 


2 pear 
01011; here 01011 has as many terms as has 01011. The 
same comment applies to 0101011, 010101011, or any 
~ number whose normalized magnitude is greater than 
 2/3(=.10101010 ---) and less than 3/4(=.11). In 
these cases the shift can stop to the right or to the left 
~ of the leftmost unit, as it is interpreted as an isolated 
unit or as beginning a string, e.g., 


01.041 or O.10AT: 


If we are in a string of zeros, moving from left to right, 
and we come to such a unit, it will be called an alternative 
unit. However, if we are in a string of zeros and come 
across two or more adjacent units, then the leftmost 
unit must start a string of units, and the shifting must 
stop to its left (z.e., to the right of the preceding zero); 
such a unit is called a definitive unit. Analogous defini- 
tions hold for alternative and definitive zeros if we are in 
a string of units. 

The rules for determining the best decomposition of 
Q, working from left to right, are then as follows: If we 
are in a string of zeros and come to 0100, 010100, etc., 
then these units must be considered isolated; if we come 
to a definitive unit, then a string of units is initiated; 
if we come to an alternative unit, it can be considered 
either as isolated or as beginning a string of units, de- 
pending on the circumstances (see below). If we are ina 
string of units, analogous rules hold for the first zero 
encountered. 


Modification of the Simplified Algorithm 


In the following, we shall deal only with positive 
N“), which implies (see the flow chart) that we are ina 
string of zeros. To see that the discussion also holds for 
negative N“, simply note that in such a _ case 
N® =D(Q¢-)—1) where D>0, and where (Q6-» — 1) 
<0 contains only the decomposition terms not yet de- 
termined by the process; hence multiplying both sides 
by —1 reduces this to the positive case to be con- 
sidered. 

So far we have been discoursing as if Q were known. 
The reason for this is that at any point of the process 
after properly shifting NV“ a positions, the best decom- 
position of the remaining next few bits of Q, 7.e., of the 
next few bits of Q“, can be determined by examining 
N) and D. We shall proceed by examining all possible 
cases for successive bits of NV“ and D. 

Consider first D=.11.--- and N®=0.11 - - - (nor- 
malized by a shift of, say, 6 positions); that is, 
0.11<D<1 and 0.11<N®<1. Examining the pos- 
sible range of Q® we find .11/1<Q®<1/.11, or 
0.11<Q® <1.010101--- (=4/3). If 0.11<Q®<1, 
then Q©) begins with a definitive unit and normalizing 
has shifted the binary point to the end of the preceding 
string of zeros, as desired; if 1<Q®<4/3, then Q® 
begins with an isolated unit and normalizing has shifted 
the binary point past this isolated unit, as desired. Thus 
normalizing is proper for all cases where D=.11-- - 
andy Oni es us 

Next, consider D=.11..-- and N@=.10\---37as 
in Case II above. Here the range of Q® is .1/1<Q® 
a dior 0 Oeil Non?) 3 OC the first 
unit of Q is either alternative or definitive, and nor- 
malizing is permissible or required. For 0.1<Q EIS, 
the first unit of Q is isolated but normalizing has 
not shifted the binary point past this unit as would be 
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TABLE I* 
C D N®)(norm.) Qe) > OwW< First Unit Places Shifted 
ases * 
011 f 5 
. 101 .1011 1.0 alt. or def. 

) {10 vee .1000 - - - .1001 Sie iso. or alt. Par 
3 Mit .100 - + - al ‘1014 iso. or alt. a 

4 hii AQT - = 1011 1104 alt. or def. é 

5 1100 ‘1001 - '10110001001i 1104 alt, or def 8 

6 .1110 ail@ilo 5 < 101 .1101 alt. or def. ‘ 

7 silalatil -1010 ~= = 101 .1011 : iso. or alt. a 

8 11010 .10010:-- 5 Oi ' .1011101100010 alt. either 
9 11010 10011--- .10110011110 .110001001110 F alt. or def. 6 ' 
10 11011 10010 .101001 .101101000010010111 iso. or alt. o-+- 
ilil 11011 10011 .10101 .101111011010000100 alt. either 


* The superscript dots mark the beginnings and ends of repeating fractions; thus, for example, 101i = .1011011011011011 +++. 


desired; hence for this range of Q“ we would have to 
shift one more place, 7.e., a=6+1 positions. To find 
those cases in which the values of VN“ and D require 
shifting 6+1 positions, without having to determine if 
0.1D<N®) <2D/3, we analyze succeeding bit positions 
of N® and D, making use of the fact that if 2/3 <Q <1 
then the first unit is alternative and may be passed or 
not in shifting, as is convenient. 

For example, consideration of three bits each of NV“ 
and D give four cases: 


a) D=.110---, N® (normalized) =.101 ---; 


b) D=.110 - - +, NV (normalized) =.100 - - - ; 
e) D= 111 + --, N® (mormalized)=.101 --> ; 
d) D=.111 ---, N® (normalized) =.100 - - - 


For the first of these cases, 


OU eid emily LT 
or 


OOOO 0 iSO aie 


Hence for this case the first unit of Q is either alterna- 
tive or definitive, and normalizing, by shifting 6 places, 
is permissible or required. However, for the fourth case, 


100/1 < QO < 101/111 
Or 


Oe <0 LOLTOITOL1OL = er 


For this case, if 0.1<Q%) <2/3, then the first unit of 
Q) is isolated, and we should shift one place further, 
1.e., 6-+1 places in all. Also, if 


2/300 200i O10 htee ee 


then the first unit of Q is alternative, so that shifting 
6+1 places is required or permissible over the entire 
range of Q™ for this case. On the other hand, the range 
of Q® for the second and third cases is such that the 
first unit of Q® may still be isolated, alternative, or 
definitive; for these two cases, the ranges of 0 must 
be computed for all possibilities of the fourth bits (and 
in a few of those cases, the fifth bits) of WV“ and D. 
Table I summarizes the definitive results of such com- 
putations. 


From Table I, cases 2, 3, 7, and 10 require shifting 
N) one place farther (a=6+1 places in all) because of 
the isolated units; Cases 8 and 11 allow shifting farther, 
if it is desirable. Simplification by Boolean Algebra gives 
the following rule (e indicates the bit may be either 
zero or one): 


Rule I: lf D=.11-*-, and if N® normalized by 
shifting 6 places would equal .10 - - - , then in the flow 
chart of Fig. 2, shift a=6+1 positions 


1) if D begins .11lee and N“™ begins 100ee 
2) if D begins .1leee and N“™ begins 1000e 
3) if D begins .1111e and NV“ begins 10e0e 
4) if D begins .11e11 and N“™ begins 100ee 


or alternatively 
4) if D begins .11ele and N“™ begins 100e0; 


otherwise shift a=6 positions. 


Consider now D=.10 - +--+ when NV“ (normalized by 
shifting 6 positions)=.10---. The range of Q® is 
2/3 <Q <1.1(=3/2). If 2/3 <Q <1, the first unit is 
either alternative or definitive and normalizing is cor- 
rect; if 1<Q@ <1.1, the first unit is an isolated (or al- 
ternative) unit which has properly been passed 
(NG) >0 generates this unit on the next differencing). 

For D=.10 --- and N® (normalized) =.11 --- (as 
in Case I above, for example), the range of Q“) is given 
by .11/.11<Q<1/.10 or 1<Q@<10(=2). For 
1<Q <4/3, the first unit of Q® is isolated; normaliz- 
ing has shifted the binary point past this first unit, as 
desired. =For 4/3<Q®<3/2 (¢.e., 1.01010101.--.- 
<Q <1.1), the first unit of Q@ is alternative, and 
normalizing would be permissible. However, for 
3/2 <Q <2, the first unit of Q® is definitive, but nor- 
malizing has shifted the binary point beyond it; for 
Q® on such range, we must shift one less place, 7.e., 
a=6—1 places. An analysis of the range of Q© for 
succeeding bits of NV“ and D, similar to that above, 
gives the following rule: 


Rule II: If D=.10---, and if N@ normalized by 
shifting 6 places would equal .11 - - - , then in the flow 
chart of Fig. 2, shift a=6—1 positions 


1) if D begins .100ee and N“ begins 111ee 
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2) if D begins .1000e and N“ begins 11ece 
3) if D begins .10e0e and N®) begins 1111e 
4) if D begins .100ee and N® begins 11e11 


or alternatively 


4) if D begins .100e0 and N“ begins 11ete; 


otherwise shift a=6 positions. 


Rules I and II, with the flow chart of Fig. 2, consti- 
tute the complete algorithm. 


Justification of Rule II 


Note that the exceptional cases of Rule II are the 
same as those of Rule I with the bits for NV“ and D in- 
terchanged. That this is to be expected, and in fact, 
that it justifies the second rule when the first is proved, 
is shown by the following considerations (which have 
been mentioned above). With NV“) and D both normal- 
ized the possible range for Q is 


Lpdice (ee): 
The range for which normalizing is required is 
3/4 <Q) < 4/3 


whose limits are reciprocals. The range for which shift- 
ing 6 or 6—1 places is optional is 


PSA) Y<e3/ 2, 
and that for which shifting 6 or 6+1 is optional is 
3/4 > O® > 2/3. 


The respective limits of these two ranges are again 
reciprocal. And finally, the limits of the range for which 
shifting 6—1 positions is required, 7.e., 


3/2 < O® < 2, 


are respectively the reciprocals of the limits of the 
range for which shifting 6+1 positions is required, 7.e., 


Dis OS = 1/2. 


Hence the range for the first rule for shifting 6+1 places 
is the reciprocal of the range for the second rule for 
shifting 6—1 places, thus interchanging V® and D. 


Justification of Alternative Decom position 


In order to prove that the division procedure de- 
scribed herein requires the fewest possible additions and 
subtractions, we make use of a “canonical” decomposi- 
tion, which has the property that addition and/or sub- 
traction is never required for two consecutive binary 
positions. Both Tocher‘ and Reitwiesner*’ have proved 
that no other decomposition can be found that requires 
fewer total additions and subtractions; in fact, Reit- 
wiesner proves the uniqueness of the canonical decom- 
position. Based on this result, the essence of our proof 
requires merely that we show that when our alternative 
decompositions do require additions and/or subtrac- 

tions for two consecutive binary positions, then the de- 
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composition can be rearranged to form a canonical 
decomposition with the same total number of additions 
and subtractions. To see this, we first note that there 
are only sixteen conceivable ways of having two adja- 
cent operations, and only two of these ways can actually 


++ 
occur in our decomposition. For example, ---11---, 
+- ++ 
ails >, etc,,cannot occur: only .<7-al0-eaemand 
-Q1 +--+ can occur. For instance, we might have 
ee + = —— 
c= OOIOIGINI00 == or ~ = = 001110101003 


These cases may be rearranged into canonical form as 


- + - 00101011100 - - - 


+ = + + 
and --: + 00111010100 - - - 


respectively, with no change in the number of opera- 
tions. These observations can be generalized. 


Rapip DIvISION IN COMPUTERS 


The Remainder 


In nonrestoring division, the current remainder is 
most commonly retained in complemented form when 
overdraft occurs. Our tables express the shifting criteria 
in terms of the leading bits of the absolute values of the 
divisor and current remainder. In practical implementa- 
tion, these tables would be modified, in accordance with 
the design of a particular machine, to accommodate a 
complemented current remainder. 

On a computer, the division process must end when 
the last allotted place of Q has been filled. If this occurs 
on a differencing with the resulting N“t» positive, then 
from (8) and (12) or (15) and (18), this V+ is the final 
remainder; if it occurs on a differencing with NGtY 
negative, then from (8) and (10) or (15) and (17) the 
remainder is N¢+) +D=D—| Nt». If the last place 
of Q is filled on a shift, shifting ceases: if W“t is posi- 
tive, the shifted V“*» is the remainder; if V“* is nega- 
tive, the remainder is D plus the shifted NGt”. 


Serial vs Parallel Computers 


A serial computer may be constructed to use the algo- 
rithm provided that a shift-register, rather than a delay- 
line, accumulator is used. Differencing and normalizing 
would occur in the same recirculation time, the latter 
simply by appropriately delaying the entry of VN into 
the adder-subtractor. The number of zeros on the most 
significant end, and the most significant bits, of NV 
can be recorded in a zero-bit counter, and a set of flip- 
flops, all reset by a new unit in the result. 

For a parallel computer, time can be saved only by 
shifting and differencing both in the same time interval. 
The statistical analysis that Smith and Weinberger? 
have made for the effectiveness of shortcut multiplica- 
tion is based on the probable occurrence of various 
lengths of strings in the multiplier; the same probabil- 
ities, and hence the same time savings (with regard to 
numbers of differencings), apply to the quotient. Fig. 3 
summarizes their results, as they apply to division. 
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Fig. 3—Effectiveness of the complete algorithm 
for rapid division. 
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From the figure, it is evident, as Smith and Weinberger 
have concluded, that for random sequences or worse the 
number of cycles saved increases only slightly for more 
than 4 places for the maximum shift. For unlimited 
shifting, as in a serial computer, the ratio of required 
cycles to quotient bits approaches one-third asymp- 
totically, so that when applied to a serial computer the 
complete algorithm will result, on the average, in a sav- 
ing of two-thirds in division time. 
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A General Junction-Transistor Equivalent Circuit 


for Use in Large-Signal Switching Analysis” 


S. B. Getter{t, P. A. MANTEK{, MEMBER, IRE, AND D. R. BoyLET, MEMBER, IRE 


Summary—This paper describes a general medium-speed junc- 
tion-transistor equivalent circuit that is valid for large- and small- 
signal operation. Solutions of nonlinear differential equations written 
from the equivalent circuit for its response to large-signal driving 
pulses are obtained by graphical, analytic, and analog computer 
techniques. The static base-to-emitter V-J characteristic is used ex- 
tensively in the various analysis techniques and produces the proper 
response to a driving source of any internal resistance. 

In Section Ila charge-control equation is employed for construct- 
ing the equivalent circuit in a common-emitter hybrid x configuration. 
Section III deals with the techniques for solving large-signal switch- 
ing problems. Section IV discusses some of the required measure- 
ments. 


I. INTRODUCTION 


HE difficulties that are encountered in the anal- 
ysis of junction-transistor large-signal switching 
circuits are compounded when the driving source 
impedances are so low as to permit the input character- 
istics of the transistor to influence the driving current. 
These difficulties are usually avoided by postulating 
constant-current driving conditions. This is an unre- 
alistic assumption for many practical applications. It is 
proposed that the nonlinear base-to-emitter character- 


* Received by the PGEC, January 28, 1960; revised manuscript 
received, February 24, 1961. This work was sponsored by the Air 
Force Cambridge Research Center, Bedford, Mass., the National 
Bureau of Standards, and the Office of the Chief Signal Officer, 
U.S. Army. 

} National Bureau of Standards, Washington, D. C. 


istics of the junction transistor may be employed ad- 
vantageously in solving various types of large-signal 
switching problems, regardless of the driving source im- 
pedance. 

The problem is attacked with a medium-speed junc- 
tion-transistor equivalent circuit that is developed from 
a basic charge-control equation. Its current-sensitive 
base-to-emitter capacitance is evaluated in the time 
domain and includes the dynamic collector-to-base 
feedback effects. The static base-to-emitter V-I char- 
acteristic is employed in conjunction with an invariant 
time-constant factor in order to obtain the steady-state 
and transient solutions of a nonlinear differential equa- 
tion that is written for the input network. This is ac- 
complished by graphical, analytic, and analog computer 
techniques that are discussed in detail. The circuit also 
incorporates saturation and storage-time simulation 
facilities, and is applicable for all modes of typical tran- 
sistor operation, 7.e., both small or large signal applica- 
tions. 

Figs. 1 and 2 display some analog-simulated results 
that were obtained from the junction-transistor general 
equivalent circuit. The simulated waveforms have been 
placed above the corresponding oscilloscope records, 
which were taken from an actual 2N414 alloy junction 
transistor under identical operating conditions. The 
figures show the response of a common-emitter resist- 
ance-loaded amplifier driven by a rectangular pulse. 
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Fig. 1—Analog simulation of switching cycle (constant-current 
drive). (a) Simulated. (b) Experimental. 
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Fig. 2—Analog simulation of switching cycle (source resistance 
=3K ohms). (a) Simulated. (b) Experimental. 


Fig. 1 displays the approximately equal rise and fall 
times of the collector voltage vc as is typical for a 
transistor driven from a constant-current source. Aare 
simulated waveforms of base voltage vsz display the 
same steep rise and linear decay characteristics that ap- 
pear in the actual oscilloscope presentation. Fig. 2 dis- 
plays the response to a more practical situation in 
which the source impedance is 3K ohms. The collector 
voltage rise time is now greater than its fall time, when 
the transistor is driven from cutoff to near saturation. 
The simulated results shown in Fig. 2 display this col- 
lector rise-to-fall time relationship with the proper mag- 
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nitudes. The simulated base voltage vgz waveforms have 
the same steep rise and humpbacked decay character- 
istics that appear in the actual oscilloscope presentation. 


II. DESCRIPTION OF EQUIVALENT CIRCUIT 


Beaufoy and Sparkes! have shown that the time de- 
pendency of the stored base-charge components in the 
junction transistor can be obtained from the solution of 


dB dqp da N 
Pee ae ieee (1) 
Tp dt dt 


where J is a base-current step.” 

A possible base-to-emitter network represented by (1) 
is shown in Fig. 3. The base-to-emitter diffusion capaci- 
tance c, and the feedback capacitance c, are defined as 
(see Appendix) 


Core = 39iB nT B, (2) 
Cy = 391B BRC cafe, (3) 


where ig’z is the total instantaneous value of the re- 
sistive base current component. The number 39 is used 
symbolically to represent g/kT in this paper (¢/kT =39 
volts~! at room temperature). 

The nonlinear resistance R’ is defined by the Vz-z vs 
Inn base-to-emitter internal junction characteristic. 
Fig. 4 displays the characteristic for several 2N414 
alloy junction transistors. The instantaneous static 
value of R’ at each point on the curve is 


1 (arg “f- \)igen 
= In : 
391 EB 


(4) 


1TB'E 
Tzs 

The dynamic value of R’ seen by the driving source 
during transient intervals is 


fore = (39ign) I. (5) 


This dual character of R’ produces proper dynamic and 
quiescent network responses. 

By incorporating the dqsn/dt current into the base-to- 
emitter network, the feedback effects of the collector- 
to-base space charge capacitance C, are directly con- 
tained in the solution of ig-2 vs t when a finite collector 
load resistance Ry exists. The expression for tg/n Vs t is 
the solution of 


dips 


I = igen + (Ts + R1C aye) eae - (6) 
Once ig-n(t) is known, the total instantaneous col- 
lector current ic is determined; 2.e., 


vp’ a(t) 
rprp(t) 


ic(t) = arpip a(t) = Ore (7) 


1R. Beaufoy and J. J. Sparkes, “The junction transistor as a 
charge-controlled devic2,” ATE J., vol. 13, pp. 310-327; October, 


1957. j f ‘ 
2 The other symbols are defined in a list at the end of this paper. 
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Eo— 


Fig. 3—Network representation for (1). 
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Fig. 4— Ven vs [gn curves for 2N414 junction transistors. 


When the junction transistor is switched by a large 
base-current step but does not saturate, i¢(t) is approxi- 
mately an exponential function.*:* This type of response 
is simulated by the nonlinear network of Fig. 5, when 
Tz’ (where, Tz’ =T3+R1C.a;-) is considered to be con- 
sidered to be constant over the entire base-current ex- 
cursion. The network then displays a single pole re- 
sponse and has the invariant time constant 


Tp’ e( Core =F Cr) = (391g eT pz’) (39ip 2)! =e) se (8) 
The solution of (6) with 7’ =constant is 
t 
igrn(t) = aE — exp (- |. (9) 
Tp 


Although the nonlinear network elements will be con- 
strained to maintain an invariant 7’, the dynamic im- 
pedance seen looking into the B’—E terminals is con- 
tinuously variable during the transient interval. This 
variation is important when source impedances are of 
low values, since then the input impedance affects the 
level of current from the driving source. The variations 
in the rise (and fall) times between the simulated curves 
of Figs. 1 and 2 show the effect of dynamic impedance. 

Fig. 6(a) displays the complete general equivalent cir- 
cuit in a hybrid + common-emitter configuration. The 
extrinsic resistances 7,’ and r,, the collector current gen- 
erator Qrgtgn, and the J¢go leakage current generator 
complete the active region portion of the equivalent cir- 
cuit. The base-to-emitter capacitance C is equal to 
Coe + cr. The components enclosed by the dashed line are 


*J. J. Ebers and J. L. Moll, “Large-signal behavior of junction 
transistors,” Proc. IRE, vol. 42, pp. 1761-1772; December, 1954. 

4 J. W. Easley, “The effect of collector capacity on the transient 
response of junction transistors,” IRE TRANS. ON ELECTRON DE- 
yIcEs, vo]. ED-4, pp. 6-14; January, 1957. 
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(a) Complete medium-speed general equivalent circuit 
in common-emitter configuration. 


—Vee 


(b) Common-emitter resistance-loaded amplifier stage. 


Fig. 6. 


the saturation sensing diode D; and the storage time 
circuit. 


A. Ideal Diode D, 


The Vez vs Jz external junction plot for a resist- 
ance-loaded common-emitter stage will display a break- 
point when Vgz=Ve-rstl pest’ (Fig. 7). The break- 
point occurs at the onset of saturation when the sudden 
limiting of the collector current is accompanied by an 
abrupt decrease in terminal impedances. The biased 
ideal diode D; in Fig. 6(a) enables the equivalent circuit 
to simulate these effects. The placement of D,; across the 
B’-E terminals can be justified from the back-to-back 
diode representation of the junction transistor® if the 
collector-to-emitter voltage is considered to be clamped 
to a final level in saturation. 

D, is assumed to be biased with 


VecRp zs 
(Rr + r.)arzs 


Verrs = (10) 


When vg-z equals Vg xg at saturation, D, switches on 
and clamps the B’-E junction to the voltage Vz ns. 
The collector terminal current is therefore clamped to 


°R. F. Shea, “Principles of Transistor Circuits,” John Wiley 
and Sons, Inc., New York, N. Y., pp. 403-407; 1953. 
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Fig. 7—Vzz vs Ig’z plot showing breakpoint at saturation. 


the saturated value of 


T 7 
Vec Verrs 


LAS ie - Rees 


Any further increase in base driving current beyond 

Iz: zs flows only through D, and the extrinsic base re- 
_ sistance 753. This excess driving current Jps through D, 
produces the storage time effects. 

The collector circuit, which acts like an @rgig’z cur- 
rent source in the active region, looks like a low-im- 
pedance source in saturation because the load resistance 
R, influences the diode bias level Vg zs. This permits 
R, to control the final collector-current levels. Increased 
base drive into saturation reduces the collector-current 
rise time but has no effect on its decay time. This action 

_ is simulated due to D, because the decay cycle is always 
initiated from the same Vg-zs level when D, switches 
“OFF” regardless of the turn-on overdrive applied. 


Ics = 


(11) 


QPES. 


B. Storage Circuit 


At the onset of collector saturation the diode current 
Ips is accompanied by the storing of excess charge Qzs 
in the base region of the transistor. The ratio of the 
_ charge to the current is defined as 
Qzs 


I ay 3 (12) 
Ips 


The following storage time equation!" includes the ef- 
_ fects of the turn-on current step Js: and the positive or 
negative base current at turn-off Iz,: 


aesei f 


a (storage time). (13) 


Ipens ~~ £B2 


he Send alin 


K, is measured with the base current at the approxi- 
~ mate level expected during operation. A measurement 
technique for K, is treated in detail by Simmons.® 

It has been shown that the equivalent circuit response 
agrees with Moll’s’ assumption that 7» is the only sig- 


6 C. D. Simmons, “Hole storage delay time and its prediction,” 
- Lansdale Tube Co., Lansdale, Pa., Application Rept. No. 234; 1957. 
7J. L. Moll, “Large signal transient response of junction tran- 

- sistors,” Proc. IRE, vol. 42, pp. 1773-1784; December, 1954. 
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nificant base-to-emitter impedance seen by the driving 
source in saturation. In order to simulate the time-delay 
effects that are associated with carrier storage, an ad- 
junct storage-time network is employed (see Fig. 6). It is 
constructed by analogy to (13) with K,=R,C, and the 
driving currents represented by the 7g,’ and Jg2 current 
generators. 1’ is equal to 7g; and begins to flow when 
Ig; switches off. The time required for the current 
through R, to attain any predetermined value is 


Tp’ < Tze 
(Tei = a) vel Tze 


where 7, is the current in R,. The time ¢ in (14) is equal 
to the storage time ¢, when Jg;’—1,=1 2s. This occurs 
when 1, =I pg because Jp: = pg+J 2x5. Hence, the final 
current [ps through D,; may be used as a reference cur- 
rent to indicate the terminating instant of storage time 
when D, is switched “OFF” and the decay interval be- 
gins. It is assumed here that equilibrium conditions 
exist prior to the storage interval. 


Ie O alas (14) 


G. Iezo 


The Jeg, current generator, where Jcz, 1s defined as 
the reverse saturation current of the collector junction 
with zero emitter current, has been included in the 
general equivalent circuit because of its effects on tran- 
sistor circuit stability. The component of collector cur- 
rent that flows due to Jz, is 


i ( CR Se Tob )QPE 
tie = 1 a 


Ico. 
(Re + a0") =) 
II]. LarGE SIGNAL SWITCHING ANALYSIS 


(15) 


The common-emitter resistance-loaded amplifier is 
the most prevalent building block used in switching 
circuit applications. Therefore, its large signal re- 
sponse will be investigated by graphical and analytic 
techniques. The objective in each method is to solve 
the nonlinear differential equation 


nu 


ae ah in | + UBEn = Vane (16) 


(Rz ae Yoo’) E 


which is written for the base-to-emitter network of 
Fig. 6(a). 


A. Graphical Techniques 


Eq. 17 expresses dig-n/dt at every instant for the 
basic common-emitter stage [Fig. 6(b) | when driven by 
a rectangular voltage pulse Vin: 


Vin UB’E > 
. as Se LAY 
dizir = R R (17) 
di iP 


where R= R,+7» and Tz’ =constant. 
This nonlinear differential equation provides basis 
for the graphical solution which plots 72 vs time. 
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B. Graphical Solution 


Eq. 17 is approximated over a small interval 7 in 
incremental form: 


Vin  (vB'z)j 
(Aip:n); R , R Sal : (18) 
Ne Tp’ 


Then, if either the current or time is partitioned into 
appropriate intervals, the value of 7g z and ¢ can be 
found from 


(19) 
(20) 


(ip-m)j41 = (ipre)s + (Aizrn)s; 
()j41 = (ys + (Ad). 


The graphical interpretation of (18-20) is shown in 
Fig. 8(a) for a single rise-time interval. In the examples 
of Fig. 8(b) and 8(c) the current axis has been parti- 
tioned into three equal intervals. Fig. 8(b) demon- 
strates the construction for the turn-on transient and 
Fig. 8(c) for the turn-off transient. The construction 
starts at point A which is the initial value of 7g z for 
the first interval. The horizontal projection of this 
point onto the Vg-z-Ig-z2 characteristic gives the 
initial value of vg-z at point B. Point B is projected 
vertically until it intersects the load line at point C. 
The distance B-C is equal to the numerator of (18). 
The distance A-—D is constructed equal to Ts’. This 
makes the slope of line A—E equal to Aig, 7/At for the 
first interval. Point F is the final condition for the 
first interval and the initial condition for the second 
interval. The above argument also applied to the second 
and third intervals provided that the points 4, B, C, D, 
FE, F be replaced in the discussion by F, G, H, I, J, K, 
respectively, for the second interval and K, L, M, N, 
O, P, respectively, for the third interval. 

The construction for the turn-off transient is a solu- 
tion of (18) for Vi, =0. This is represented in the con- 
struction of Fig. 8(c) by drawing the load line of R so 
that it intersects the origin from below the Vz axis. 
The construction is initiated from the 7g” current level 
that existed just prior to the beginning of the turn-off 
transient. Figs. 9 and 10 show the construction using 
six intervals for cases in which the driving source re- 
sistance is 3K and infinite, respectively. 

The collector current zg is assumed to be the result of 
1g2 multiplied by the chosen current gain factor app, 
where arg is evaluated at the final collector current 
level. This can be displayed in the construction by an 
additional axis that is parallel to the 7g: axis but whose 
ordinate values differ by the constant factor arz. If 
the effects of varying current gain are desired in the con- 
struction, the ordinates of the ig axis may be evaluated 
according to the effective current gain in each interval. 

For the case in which the transistor is driven into the 
saturated region, the iteration process is concluded 
when 7g:”=Igngs; hence, the collector signal current 
during a switching cycle will be in the range 
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(a) Graphical interpretation of (18)—(20). 
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(b) Graphical construction method for a turn-on transient. 


(c) Graphical construction method for a turn-off transient. 


Fig. 8. 


Qrrlp Er <ig <arnrslp’ xs. The steady-state value of 
base current [g; is determined by the intersection of R 
and Vg-x vs Ign curve and is shown in Fig. 11 to be 


Ini = Ipens + Ips. (21) 


In the graphical procedure a Vg-z vs Ipg-p curve is 
plotted with the lowest anticipated value of load re- 
sistance R; placed in the transistor collector circuit. 
This same plot may then be employed in conjunction 
with higher value of Rz whose associated breakpoints 
can be constructed on the curve at points calculated by 


I Vee on 
B’'ES SO 
(Ri + r.Jarzs 
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Fig. 9—Graphical analysis of transistor pulse response when driven from a source with 3K ohms resistance. 
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Fig. 10—Graphical-analysis of transistor pulse response when driven from a constant-current source. 
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Fig. 11—Vaz vs Ip’z curve for use in graphical analysis that 
extends into saturated region. 


This graphical technique leads to insight into the 
large-signal pulse response of the junction transistor. 
The slope of the load line of R which is superimposed on 
the Vg: vs Ip’ curve varies from its horizontal posi- 
- tion in the constant-current case (R—) towards a 
: vertical position as Rr. In the constant-current 
- case all of the iz/» vs t segments are drawn to the same 
- final current level (Fig. 10). The nonlinearities of the 
- input network are ineffective in this case, and only the 
final level of ig” that exists at the intersection of K 
and the Vgz vs Jp-z curve and the time constant 
Tp’ are required for the construction process. This ex- 
plains why the assumption of a constant-current source 
- simplifies the analysis of large-signal switching opera- 


tion. As the value of R decreases (Fig. 9), the final cur- 
rent levels in the construction vary in each interval; 
hence, the nonlinear input network played an important 
role in the development of the transient. This is the 
reason that the turn-off time is less than the turn-on 
time when the transistor is operated in the large-signal 
nonsaturating mode. An application of this graphical 
technique appears in Ledley.*® 


C. Analytic Solution 


The nonlinear differential equation (16) can be solved 
analytically for collector-current rise and fall times by 
replacing the current variable 7g, z by properly weighted 
Upp terms 


(23) 


ign = AdpE ae Bop’ nr’, 


where A and B are constants that are evaluated to fit 
(23) to the Vg-n vs Ign curve at the 0.1/7 and 0.917 
current levels. Ir is the final base-current level that is 
located at the intersection of the curve with the super- 
imposed load line consisting of R=7r+Rz (Figs. 9 and 
10). The substitution for zg-z in (16) yields the follow- 
ing integrals: 


8R. S. Ledley, “Digital Computer and Control Engineering,” 
McGraw-Hill Book Co., Inc., New York, N. Y.; 1960. 
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dvp x 
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» (0.91 yr) 
A { 
i hy eB. » (0.177) 


The voltage limits in the integrals are located directly 
at 10 per cent and 90 per cent of final base-current 
points of Vg-z vs Ign curve. In the saturated case the 
breakpoint on the curve at Ig-zs defines the final cur- 
rent level (Fig. 11). 

The solution of (24) for the 10-90 per cent collector- 


current rise time f, is 
Ii 1 (Pi + VN)(Ps — VN) 
Tp’ E + —~In = —}, (25) 
Ty VN (Py +VN)(Pi — VN) 
where 


We 1 
= — IG + 4) Vee + Bona 
R R 


WN SAV eBR AR)? 
P= 4s(2Bipg + A)R: 


The subscripts 1 and 9 in (25) indicate that vg-z is set 
to the limits vg-g=v(0.1J7) and vg-2=v(0.9Ipr), re- 
spectively, in P and J. 

The limits are reversed for fall-time computations. 
In the case of constant current drive set Vin/R=Tr. 


i, = 


D. Analog Computer Simulation 


The response of the common-emitter amplifier in 
Fig. 12 to a rectangular driving pulse applied through 


Fig. 12—Common-emitter amplifier circuit simulated 
on analog computer. 


an RC network has been simulated with an analog 
computer. The dynamics of the circuit during the turn- 
on and turn-off transients is determined by the inter- 
action of the driving source impedance with the base 
input network as shown by the governing differential 
equations (26)—(28): 


dv, Lars V1 

ip = =| ine = = (26) 
digen Le 

dl = Ty! lise + icao — inn], (27) 

dvg 1 (Vee I v¢) 

ae = = ays = coins | (28) 


: il 
ae = IG sir 4) Ven + Bows | 
R R 


+26 f 


v (0.977) Vp pavp E | 
Ve 1 ene!) 
(0.177) ns (= at, 4) Deee = Bowe! 
R R ) 
where 
1 
ipRY = — [Vin Saw Uilaes vpn. 
‘ob 


vp'p=Vp'n(tp’z) and is obtained directly from a 
curve-following function generator. The simulation will 
handle correctly situations in which 


OIE ES ee. 
The transistor enters saturation when 
ip en = Ip zs. 


The storage cycle begins at the instant that the input 
signal decreases below the value required to maintain 
saturation. The storage period lasts until 


= a f. 
4; = Ipi — Iprns. 


The current remains clamped at Jg-zs throughout the 
storage period. At every instant during the storage in- 
terval, 2, is rising toward J,:1’+ig, with the time con- 
stant Ky. Thus, 


deal . 
eee [Za1' + ise: — i]. 


(29) 


It is this feature of the storage circuit that gives the 
storage time its proper dependence upon driving im- 
pedance. This is demonstrated in Table I which com- 
pares the simulated with experimental storage time. 


TABLE I 
STORAGE TIME (uSEC) 


Simulated 


Vin (volts) Cx (uuf) (Ress ee Experimental 
1.0 o 0.8 0.6 
5 5 1.0 10 
PAW, S ie WES) 
15 150 0.4 0.5 


It is encouraging to note that, although Kg is current 
sensitive, a fixed value was used to obtain the above 
results. 

At the end of the storage interval ig: g5 is unclamped 
and the turn-off transient begins. Figs. 1 and 2 show 
some analog simulated results obtained from (26)—(28). 
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‘E. Small Signal Mode of Operation 


In practice a base-bias current Ig-g is chosen that 
sets 792, Coe and cy; to unique constant values that are 
determined by (2), (3) and (5). The response of the 
network to low-level input signals is then performed by 
linear analysis. A practical case is that in which the 
transistor is driven from a voltage source Vi, through a 
series resistance R,. The collector current is 


Qj eVin 


ieee a Tob’ a= Tb'e 


i.(t) = 


t ) 
( RF Tov: ) | 
: Ke = Ppp te fo'e 


Note that 7’;’ is modified by a resistance ratio which 
approaches one as R,— © in the constant-current gen- 
erator case. In large-signal operation this ratio modifies 
Tz’ at each instant, while the ratio itself varies as a 
function of 7g due to 7. 


1 — exp (30) 


IV. MEASUREMENTS 
A. Varn vs Ip zp Measurement 


The bridge network and X—Y plotter shown in Fig. 
13 are used to plot the Vg-z vs Jz-z internal-junction 
characteristic. This is accomplished by nulling out the 
voltage drop across 75’. 

1) Ts Measurement: The Tg measurement suggested 
by Beaufoy and Sparkes provides the product of the 
input 7», and c, elements of the transistor in the com- 
mon-emitter mode of operation. The actual circuit 
that was used for making the 7, measurements is 
shown in Fig. 14. Small-signal Tz vs Iz plots for some 
2N414 junction transistors are shown in Fig. 15. 

2) Tp’ measurement: 

a) Tz’ is equal in value to one time constant (0-63 
per cent) of the collector-current response to a base 
constant-current step. The time constant is measured 
with ic ranging from cutoff to just saturation with the 
desired value of R, in the collector circuit. It is sug- 
gested that plots of 7’ vs Rx with Vcc as a parameter 

- be used in large-signal design problems (see Fig. 16). 

b) Obtaining Ts’ from small signal data:* Ja end ih 
measurement is made as described in a). 7x is then 
calculated from 


Tp = Tp’ a RrC eye, (31) 
where C, and a,, are evaluated at their midrange volt- 
age Vec/2 and current Vec/2Rz levels. Tz’ can now 
be obtained for different values of Rx, with no further 
time constant measurements by using the linear prop- 
erties of the curves in Fig. 15 from which the average 


slopes 


INS be 
= E are derived, 


Ix 


(32) 
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Circuit for Use in Switching Analysis 


TRANSISTOR - 
UNDER TEST 


+ 


Fig. 14—Small-signal Tg measuring circuit for 
2N414 junction transistor. 


-9 VOLTS ------ 
3.5 Ve = -6 VOLTS 

-3 volts —-—- 
3.0|-7 > ene Se 


_ 
-— 


/ 


Tg IN psec. 


Fig. 15—Small-signal Tz vs Iz plots for 
2N414 junction transistors. 


Tg u SEC. 


Rioap IN K OHMS 


Fig. 16—Tz’ vs Rx plots for 2N414 junction transistors. 
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When R,z is changed, the new 73’ is 


TT,’ = (Tp + MATz) + RrC .afe, (33) 
where AJz is the difference in midrange emitter-current 
levels due to the new saturation level. Tz is the original 
reference value obtained from (31). C, is unchanged 
and the new a; is obtained from curves such as shown 
in Fig. 17. Table II displays the experimental results of 
this method using nine 2N414 alloy junction transistors. 
The reference J’, was determined with R,=300 ohms. 
The calculated values of 7,3’ at R,=1000 ohms were 
then used to obtain the rise times in column 4. 


140 
TRANSISTOR 


5 
Ve in Volts 


Fig. 17—ay. vs ve plots for 2N414 junction transistors. 


TABLE II 
Measured eed Measured 
; 5 ise Time : F 
Trans. M=AT3/Al Rise Time (i,=2.2T 9’) Rise Time 
2N414 Pi S| ek = 300 Ri=1000. | ®2=1000 
ohms ee ohms 
1 0.02 (10-3) 3.00 usec 4.68 usec 4.75 usec 
My, 0.02 (1073) 2.00 psec 3.37 psec 3.40 usec 
3 0.04 (107%) 2.90 usec 4.57 usec 4.70 usec 
4 0.00 (107%) 2.30 usec 3.14 usec 3.20 psec 
5 0.02 (107%) 2.70 usec 4.57 psec 5.00 psec 
6 0.02 (10-4) 3.00 usec 4.43 usec 4.45 usec 
i 0.02 (107%) 2.70 psec 4.00 psec 4.00 usec 
8 0.02 (10-8) 4.00 psec 5.67 psec 6.00 usec 
9 0.00 (10-4) 1.50 psec 2.04 usec 2.00 usec 


B. Tp’ by Graphical Techniques 


A graphical technique for determining Tp’ is sug- 
gested by the linear decay of the base voltage vg» that 
occurs when the transistor is current driven (Fig. 1). 
The base current during the decay cycle is 


ine = Ipry(O)entlt (34) 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


December 


where I 2(0) is the steady base current at the start of 
the decay cycle. Since vg 2=/x' xt’ z, it can be shown 
from (4) and (38) that 


, — V , O eee (35) 
UB'E B FAC ) 307! 
Due to the linearity of the decaying vz: z, 
Peay 
Ts Se : (36) 
39 Avp gz 


It is of interest to note that a similar result was pro- 
duced from physical theory in a study of minority 
carrier lifetimes.® 


V. CONCLUSION 


Realistic analysis and simulation of large-signal 
transistor switching operation (nonsaturating) can be 
accomplished with four basic pieces of information: 
Ven vs Inn, Tp’, Yoo and arg. The use of the leakage 
current J¢go is optional. The analysis is not restricted 
to the usual constant-current drive condition because the 
base-to-emitter nonlinear characteristics are included 
in the equivalent circuit. Figs. 1, 2, 9 and 10 show the 
variations in response as a function of different source 
impedances. For operations extending into saturation, 
two additional measurements K, and r, are required. 

The general medium-speed equivalent circuit [Fig. 
6(a) | provides the basis for more complex models. For 
example, the range of the circuit may be extended to 
higher speeds by adding the base-to-emitter space- 
charge capacitance in order to simulate the initial time 
delay effects. 

The equivalent circuit is being employed at the 
present time for producing a transistor-circuit optimiz- 
ing routine on an IBM-704 digital computer. 


APPENDIX 


The operation of numerous signal amplifying devices, 
such as the junction transistor, is described simply to a 
first order in terms of charge control theory.!° This 
theory enables the time dependent characteristics of 
the device to be determined from its de characteristics. 

A basic relationship between the base control charge 
ge and the associated base current 7, x for the medium- 
speed transistor is 


dB 


UB'E 


we 1S (37) 


_*°S. R. Lederhandler and L. J. Giacoletto, “Measurement of 
minority carrier lifetime and surface effects in junction devices,” 
Proc. IRE, vol. 43, pt. 1, pp. 477-482; April, 1955. 

p eae Jenne and A. Rose, pomple general analysis of ampli- 
er devices with emitter, control and collector functions,” Proc. 
IRE, vol. 47, pp. 407-418; March, 1959, Z 
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The B’-E junction V-I relationship can be expressed 

asit 

= legs 
(arz + 1) 


where exp 39vg/2>>1 holds well in large-signal opera- 
tion. The diffusion capacitance cy, in Fig. 4, where 


ipeg [(exp 39vg-2) — 1], (38) 


(39) 


produces the dgz/di base charging current in (1). 

The base current component dggy/dt which appears 
when the collector-to-base depletion-layer width varies 
as a function of ve, is defined as 
dvc 


a ey Se (40) 
dt aay 


This current can be associated with changes in 
Vpg rather than ve by replacing C, with a _ base-to- 
emitter capacitance c (Fig. 4); 7.e., since 


d 
dvc = areRrt wad ) (41) 
B 
therefore, 
dgpn |] dqz 
G — = 
‘ digg Tp dvpig 
= 39ip eRiC aye. (42) 
~ ry. is found from (38) as 
digyz\ 
Tbe = ( : *) = (39tp- x) 1. (43) 
dvgiz 


Eq. (43) agreed closely with the values obtained di- 
rectly from the Vg-z vs Igz curve up to the experi- 
mental saturation base current level of Ig-z3=0.15 ma. 
- For more exact 7., Gy. and c values at high base-cur- 
rent densities, (38) may be rewritten as 


Tzs 


we eae G4) - 1 
Reerer iyi Mx)" 


Fs where” 1<\ <2 and A—2 at high current densities. » 
has been omitted since it is neither required for the 


(44) 


:  W. Shockley, “The theory of p-n junctions in semiconductors 
and -n junction transistors,” Bell Sys. Tech. J., vol. 28, pp. 435- 


- 489; July, 1949. 


: 2°R. N. Hall, “Power rectifiers and transistors,” Proc. IRE, vol. 
~ 40, pp. 1512-1518; November, 1952. 
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Circuit for Use in Switching Analysis 


analysis techniques developed in this paper, nor does it 
tend to affect the time constant 7’;’ significantly; 2.e., 


r (=< 
39i p/p r 


re e(Core + Cy) = T,') =T;’. (45) 
Eq. (6) is derived from the nodal equations written 


on the network in Fig. 4, with c,, and c defined by 
(39) and (42). 


EXPLANATION OF SYMBOLS 


Upper case subscripts denote dc or total instan- 
taneous values. Lower case subscripts denote instan- 
taneous values with respect to a quiescent point. The 
terminal designations in Fig. 6(a) define the symbol 
subscripts. 


arxs=DC short-circuit current gain at saturation. 
C, = Collector-to-base space-charge capacitance. 
C.=A(Vczs)—"8 for alloy junction transistors. 
1p n= Resistive B’—E current. 
Ip ns = Value of 7g” that produces saturation. 
Ices = Final collector current in saturation 
(= Vise ore ten 
Ips =Excess base current in saturation that flows 
through dD, (Ips = Ip,—TIpnzs). 
Izs= Reverse emitter saturation current with the 
collector tied to the base. 
gs =Quantity of stored control charge in the base 
region (holes for a p--p transistor). 
den =Quantity of charge stored in the base region 
of a p-n-p transistor as impuirity electrons 
that are in equilibrium with the base donor 
ions. 
Tz=Intrinsic time constant of the B’-E junc- 
tion (R,=0). 
T 3’ =B’-E junction time constant which includes 
the effects of feedback capacitance. 
Lyf = Tp + RiC fe. 
Re zg = Final static value of the B’-E resistance R’ 
at saturation. 
r, = Collector saturation resistance = Vexzs/Ics. 
Ve-zs=B’-E voltage at the onset of saturation. 
Vz-azs is diode D, bias voltage. 
Vers =Final collector-to-emitter voltage in satura- 
tion. 
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Using Digital Computers in the Design and 
Maintenance of New Computers* 


A. L. LEINER}, MEMBER, IRE, A. WEINBERGERY}, MEMBER, IRE, 
C. COLEMANT, anp H. LOBERMANt 


Summary—To conserve manpower and reduce the time needed 
for designing, assembling, and maintaining new large-scale com- 
puters, existing computers have been used to produce design and 
maintenance data for the new machines automatically. This paper 
describes some techniques that were devised at the National Bureau 
of Standards for automatically converting a logical design into de- 
tailed wiring plans which specify the actual pin-to-pin connections 
and other data necessary for assembling, debugging, and maintaining 
a new machine. Starting from punched-card input transcriptions of 
the logical design of the new computer, expressed in terms of Boolean 
algebra, an IBM 704 was programmed to produce 20,000 printed 
pages of wiring plans, fabrication data, and logical debugging and 
maintenance manuals. 


INTRODUCTION 


the time needed for designing, assembling, and 
maintaining new large-scale digital computers, 
existing computers have been used in various ways to 
produce design data for the new machines automat- 
ically.'* This paper describes some techniques that 
were devised at the National Bureau of Standards for 
mechanizing a sizeable portion of the design procedure 
for a new large-scale computer.*® 
The procedure for designing a large-scale computer 
system falls naturally into five general steps: 


| N order to conserve scientific manpower and reduce 


1) preparation of the system specifications for the 
new machine, indicating the operations that it is 
to perform and the speed that it is to attain, 

2) organization of the system into large-scale func- 
tional blocks such as arithmetic units and control 
units, 

3) development of the detailed logical design for each 
of these functional blocks, 


* Received by the PGEC, August 2, 1960. The work described 
here ae eared out at the National Bureau of Standards, Washing- 
ton; 1). Co 

| IBM Research Center, Yorktown Heights, N. Y. 

ae Processing Div., National Bureau of Standards, Washing- 
tony Wa: 

1S. R. Cray and R. N. Kisch, “A progress report on computer 
applications in computer design,” Proc. Western Joint Computer 
Conf., San Francisco, Calif., February 7-9, 1956, AIEE, New York, 
ING Ys 956: 

2M. Kloomok, P. W. Case, and H. H. Graff, “The recording, 
checking, and printing of logic diagrams,” Proc. Eastern Joint Com- 
puter Conf., Philadelphia, Pa., December 3-5, 1958, AIEE, New 
York, N. Y.; July, 1959. 

Z G. W. Altman, L. A. DeCampo, and C. R. Warburton, “Auto- 
mation of computer panel wiring,” Communication and Electronics, 
ae Dp ealas: May, 1960. 

. L. Leiner, et al., “PILOT—a new multiple-computer system,” 
J. ACM, vol. 6, pp. 313-335; July, 1959. r B ; 

° A. L. Leiner, e¢ al., “PILOT—The NBS multicomputer sys- 
tem,” Proc. Eastern Joint Computer Conf., Philadelphia, Pa., De- 
cember 3-5, 1958, AIEE, New York, N. Y.; July, 1959. 


4) conversion of this logical design into a detailed 
wiring plan from which the new computer can be 
fabricated, and’ 

5) preparation of the maintenance manuals de- 
scribing the logical and physical structure of the 
new computer in formats specially tailored to the 
needs of the debugging and maintenance staffs. 


In deciding which steps of this procedure should be 
mechanized, the primary criterion employed was 
whether the machine program or the experienced com- 
puter designers could turn out a better end-product. 
In some cases it was decided that the machine program 
could not effectively compete with the empirical intui- 
tion of the experienced logical designer; in other cases, 
the machine permitted a degree of design sophistication, 
accuracy, and efficiency entirely unobtainable other- 
wise. 

On the basis of this criterion, the fourth and fifth 
steps of the design procedure (namely, the conversion of 
the logical design into wiring plans, and the prepara- 
tion of the maintenance manuals) were the main ones 
selected for mechanization. The third step (namely, 
the development of the detailed logical design) was 
carried out by the human designers with the aid of ex- 
tensive computer-generated data. A brief summary of 
the automated procedure, carried out on an IBM 704, 
follows. 

Starting from input transcriptions of the logical struc- 
ture of the new system, expressed in terms of equations 
in Boolean algebra, machine programs subjected the 
input data to rigorous checking for internal consistency. 
For example, one type of consistency test verified that 
every signal used as an input to a given stage did in 
fact exist somewhere in the system as an output of 
another stage. Other programs checked the data for 
conformity with the numerous rules governing the de- 
sired usage of the electronic building blocks chosen to 
implement the system. 

Next, using additional input data that described the 
physical locations in the equipment racks of the prin- 
cipal building blocks in the system, the 704 auto- 
matically assigned the much more numerous minor 
equipment components to optimum physical locations 
with respect to the principal ones. The machine then 
calculated the optimum wire routing between every 
connected set of components in the system, taking into 
account the various complicated restrictions on the 
lengths of wires that were imposed by the electronic 
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and mechanical properties of the components. After 
having determined the optimal wiring routing, the 
machine printed out a topological diagram of the 
minimum wiring tree, showing the physical location of 
each node and its connections with the other nodes in 
the tree. Finally, the machine calculated and printed 
out the exact lengths of all wires, the detailed pin-to-pin 
connections to be made, the type of cable to be used, 
the type of terminals to be attached, the text for labels 
on the wires, and detailed inventories of the components 
and materials used. 

As an aid to debugging and maintaining the new 
computer, the 704 also generated detailed information 
on the interrelations between the logical structure of 
the system and the actual physical equipment used to 
implement the logic. This information includes data on 
the number of stages of each type driven by every stage, 
the total length of wire attached to each output, the 
length of the signal path from each output to its farthest 
destination, and an empirically calculated figure of 
merit measuring the degree of signal degeneration to be 
expected at each point of the wiring tree. These data 
can be used for comparing the observed operational 
performance of the finished computer with the pre- 
dicted performance of its logical structure, circuitry, or 
components. 

The input data for the IBM 704 consisted of 20,000 
punched cards; the final output data consisted of the 
wiring plans and maintenance manuals for the new 
computer, which contains 7000 vacuum tubes, 165,000 
solid-state diodes, and 70,000 pin-to-pin wiring connec- 
tions. This machine-generated output data comprises 
approximately 20,000 printed pages. The total machine 
time used for testing and running the program was ap- 
proximately 175 hours. 

The over-all automated procedure is illustrated in the 
block diagram of Fig. 1. Figs. 2, 5, 7, 9, and 10 illustrate 
the blocks of Fig. 1 in greater detail. 


LocicAL DESIGN PROCEDURES 


In formulating the logical design procedures illus- 
trated in Fig. 2, an effort was exerted to make the new 
automated techniques conform to the existing habits of 
the logical designers rather than vice versa. One prob- 
lem that arose in trying to couple the human designers 
to an automated procedure was that of notation. In 
assigning names to the signals transmitted between the 
various parts of computers, designers generally like to 
invent picturesque mnemonic words to help them in 
remembering the functions of the various signals. Auto- 
matic techniques, on the other hand, demand some 
sort of standardized nomenclature to keep things from 
getting out of hand. 

These conflicting needs were reconciled by devising a 
technique for generating pronounceable names on a 
computer by means of the formula illustrated in Fig. 3. 
Lists of these pronounceable names were generated 
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PRELIMINARY 
MACHINE 
PROCESSING 


DEBUGGING 


PROCESSING OF TOTAL DATA 


--—-— PROCESSING OF PARTIAL OR 
CORRECTION DATA 


Fig. 1—Over-all flow of automated procedure. 


LIST OF 
PERMISSIBLE NAMES 


PREUMINARY MACHINE 
PROCESSING 


LOGICAL 
DESIGN RULES 


LOGICAL DESIGN 
1. DRAWINGS 


Al 
FINAL MACHINE 2. EQUATIONS 


LOGICAL DESIGN DATA 
5" 8" CARDS 
LOGICAL DESIGN DATA 
PUNCHED CARDS 


- “DESCRIPTIVE 
TITLES & 
PACKAGE 
POSITIONS 


LOGICAL DESIGN DATA 
MAGNETIC TAPE 


PRELIMINARY MACHINE 
PROCESSING 


Fig. 2—Logical design procedure. 


automatically, were printed out, and were given to the 
designers in advance of their work on the logical design 
of the new machine. From these lists, the designers 
could then choose suitable names for signals; see the 
sample list in Table I. Because the signal names were 
pronounceable, the designers found them easy to re- 
member and to talk about in the course of their design 
work. 

The standard names also protected the designers 
against various kinds of clerical mistakes, keypunching 
errors, and machine errors in the following way. Ofvall 
the possible combinations of characters from which the 
names could be formed, the formula selected only a 
small percentage. Therefore, by putting all the input 
data through a machine check which tested for con- 
formity to the formula, the various kinds of random 
errors in the signal names could be screened out, with 
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FIRST 
CHARACTER 
SECOND et ao 
CHARACTER 
i 
CHARACTER % 
BDOGHJKMTVXZ 
‘ay 1900 
CHARAGTER 
seen Eae a esate Ears 
TOTAL: 31550 
Fig. 3—Formula for generating signal names. 
TABLE I 
SAMPLE List oF SIGNAL NAMES 

BABA BABE BABU BABY BADA BADE BADU BADY 
BAGU BAGY BAHA BAHE BAHU BAHY BAJA BAJE 
BAKA BAKE BAKU BAKY BALA BALB BALD BALE 
BALK BALM BALN BALP BALS BALT BALU BALX 
BAME BAMU BAMY BARA BARB BARD BARE BARF 
BARM BARN BARP BARS BART BARU BARX BARY 
BATU BATY BAVA BAVE BAVU BAVY BAXA BAXE 
BAZA BAZE BAZU BAZY BEBA BEBE BEBU BEBY 
BEDU BEDY BEGA BEGE BEGU BEGY BEHA BEHE 
BEJA BEJE BEJU BEJY BEKA BEKE BEKU BEKY 
BELD BELE BELF BELG BELK BELM BELN BELP 
BELU BELX BELY BEMA BEME BEMU BEMY BERA 
BERE BERF BERG BERK BERM BERN BERP BERS 
BERX BERY BETA BETE BEL BETY BEVA BEVE 
BEXA BEXE BEXU BEXY BEZA BEZE BEZU BEZY 
BIBU BIBY BIDA BIDE BIDU BIDY BIGA BIGE 
BIHA BIHE BIHU BIHY BIJA BIJE BIJU BIJY 
BIKU BIKY BILA BILB BILD BILE BILF BILG 
BILN Bier BILS BILT BILU BILX Bil BIMA 
BIMY BIRA BIRB BIRD BIRE BIRF BIRG BIRK 
BIRP BIRS BIRT BIRU BIRX BIRY BITA BITE 
BIVA BIVE BIVU BIVY BIXA BIXE BIXU BIXY 
BIZU BIZY BLAB BLAD BLAF BLAG BLAK BLAM 


December 


BAGA 
BAJU 
BALF 
BALY 
BARG 
BATA 
BAXU 
BEDA 
BEHU 
BELA 
BELS 
BERB 
BERT 
BEVU 
BIBA 
BIGU 
BIKA 
BILK 
BIME 
BIRM 
BITU 
BIZA 
BLAN 
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odds ranging from 20:1 to 500:1. In some common 
cases, such as the interchange of the letter “O” and the 
numeral “0,” etc., the program was instructed to make 
the proper corrections automatically.® 

The logical design was formulated by the designers 
using either gating diagrams or Boolean equations, ac- 
cording to their individual habits or the intricacy of the 
part of the system being worked on. These diverse 
notations were then brought together into a standard 
format by clerks who transcribed the data from the 
designers’ original plans on to standard forms printed 
on 5” <8" file cards. See Fig. 4 for an illustration of such 
a design data card, which contains the name of a tube- 
amplifier signal stage (RIF2), the drawing number from 
which the data was copied (R-140), and the names of the 
input signals to the stage. For example, the Boolean 
equation here represented is 


RIF2 = (REXE)(RH79)(RW07)(RW08) 
+ (REXE)(RIHA)(RONS5)(REF1)(REF2) 
+ (REXE)(RH80)(REF1)(REF2) 
+ (ROFS5)(RW08)(RW13)(RW14)(RW15)(RW16). 


i 
B: 
' sit ® 


il 
il 
ON 


yabebe be 
tie 


Fig. 4—Example of a data design card. 


Concerning the symbols following the names of the 
input signals on the design card, the letter N means 
- that the negative or dual output of the tube-amplifier 
stage is used, the letter V indicates that the signal is an 
OR-gate output, and the numeral 1 indicates the posi- 
tive output of a tube-amplifier stage. 

For checking purposes, the clerical transcribers main- 
tained tallies on the data entered, such as: the number 
of AND-gate inputs, OR-gate inputs, positive signals, 
negative signals, etc. This tally data was subject to in- 
dependent recalculation by the machine program later 
on, and all discrepancies reconciled before proceeding. 


“A system for generating pro- 


6 A. L. Leiner and W. W. Youden, 97-103: 


nounceable names using a computer,” J. ACM, vol. 8, pp. 
January, 1961. 
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The logical design cards then served as copy for the 
keypunchers, who transcribed all the indicated infor- 
mation verbatim. Transcribed to magnetic tape, the 
data constituted the main design file describing the 
logic of the system. 


GENERATION OF WIRING PLANS 


The logic associated with a typical package is shown 
in Fig. 6, illustrating a designer’s original working draw- 
ing. The four AND-gates and the tube-transformer 
stage labeled RIF2 driven by their mixed outputs con- 
stitute a single package. The OR-gates labeled RH79 
and RHS80 respectively, are contained in separate 
packages, each holding twelve independent two-input 
OR-gates. 

Tube-transformer stage packages (7000 in all) were 
positioned manually by the logical designers, who also 
specified the positions of the packages containing OR- 
gates. On the other hand, the assignment of 5000 in- 
dividual OR-gates to positions within the available 
OR-gate package locations was carried out by the ma- 
chine program, which allocated each OR-gate as nearly 
as possible to an unassigned position midway between 
the locations of its input signal sources and its output 
destinations. The assignment of other minor compo- 
nents was also carried out automatically. This distribu- 
tion of responsibility between the designers and the 
computer program was chosen largely in order to 
simplify maintenance procedures. It was felt that the 
designers’ broad over-all knowledge of the logical in- 
terrelationships between the various parts of the system 
would lead to more natural placement patterns than a 
strictly automatized process. 

Some of the principal processing tasks directed to- 
wards producing detailed wiring data are listed in Fig. ie 
The lengths of all the possible pin-to-pin wiring routes 
(branches) between the points to be connected were 
calculated, and from among all the possible routings 
those branches were selected which minimized the total 
wire length (subject to various rules and constraints 
established for the different types of signals being 
transmitted).? The various branches in the selected 
wiring tree were then printed out as pin-to-pin wiring 
tables which specify the positions of both ends of each 
branch, the name of the signal being transmitted, the 
name of the destination, the length of the wire, and the 
types of terminals to be used (see Fig. 8 and, for details, 
Table II). These lists also provided copy for labels to be 
affixed to the branches. Additional processing tasks in- 
cluded the production of summary statistics, such as 
the required number of wires in each length category, 
elG. 


7 H. Loberman and A. Weinberger, “Formal procedures for con- 
necting terminals with a minimum total wire length,” J. ACM, 
vol. 4. pp. 428-437; October, 1957. 
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AND VIOLATIONS 
2. STATISTICAL TALLIES 


LOGICAL DESIGN LOGICAL DESIGN 
| 
| 
| 
| 
PROCESSING TASKS 
| |. CHECKING AND CORRECTING TRANSCRIBING ERRORS 
2. CHECKING LOGICAL CONSISTENCY AND VIOLATIONS 
| 3. ASSIGNING AND-GATE PIN NUMBERS 
| 4. GENERATING DESTINATIONS FROM INPUTS 
| 5. GENERATING MISCELLANEOUS ADDITIONAL DATA FOR LOGICAL STAGES, 
THEIR INPUTS AND THEIR DESTINATIONS , 
| 6. GENERATING LOGICAL DATA FOR EXTERNALLY ORIGINATING SIGNALS 
| 7. COMPILING STATISTICAL TALLIES 
| 
| 
| 
| PRINT OUT OF 
| PROCESSING SUMMARY 
(= |. ERRORS, CORRECTIONS 
| 
| 
| 
| 
| 
| 


LOGICAL DATA 
EXPANDED AND CHECKED 
MAGNETIC TAPE 


LOGICAL DATA 
EXPANDED AND CHECKED 
PRINTER 


| 
pies Aenean Men hy ete 
TLOGICAL DATA ef 
J EXPANDED AND CHECKED 
PUNCHED CARDS 


TR Es 


| 

| 
FINAL v 
MACHINE FINAL MACHINE PROCESSING 
PROCESSING 


Fig. 5—Preliminary machine processing. 


LOGICAL DESIGN 


RIF2 = ROFS:RWOB-RWIS-RWIY-RWIS-RWIO 
+REKE‘RIHA:RONS REF! REF 
+REXE-RH79 -RWO? RWOB 
+REXE-RHB0-REFI-REFL 

RH79 = ROPS+ROFS 

RHBO = ROSS + ROWS 


Fig. 6—Example of a designer's working drawing. 
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4 DESCRIPTIVE TITLES & 
PACKAGE POSITIONS 
' PRELIMINARY MACHINE PROCESSING 
Pe 1 | 
| v 
1 
| 
\ 
| 
| PROCESSING TASKS 
| CHECKING TRANSCRIBING ERRORS 
| CHECKING CONSISTENCY AND VIOLATIONS OF PACKAGE ASSIGNMENTS 
I AUGMENTING LOGICAL DATA WITH TITLE-POSITION DATA 
FORMATTING FULLY “AUGMENTED LOGICAL DATA 
| 
SETTING-UP AND UP-DATING INVENTORIES OF COMPONENTS 
| . ASSIGNING COMPONENTS: 
i} OR GATES DRIVE RESISTORS TERMINATION RESISTORS 
1 FILTERS RECTIFIERS MULTIPLEXER TERMINALS 
INHIBITING UNUSED AND-GATES 
| WIRE LENGTH CALCULATIONS 
| . OPTIMAL SIGNAL ROUTING 
1 . CHECKING AND CORRECTING CIRCUITRY VIOLATIONS DURING SIGNAL ROUTING 
| FORMING SIGNAL ROUTING CHARTS 
| . GENERATING WIRING DATA 
| .» GENERATING CONNECTOR TABLES 
1 
\ 
u PRINT OUT OF WIRING TABLES WIRE TYPE 
| PROCESSING SUMMARY Nee ericrice INVENTORY 
le |, ERRORS, CORRECTIONS PRINTER 


> AND VIOLATIONS 
2. INVENTORIES OF 
COMPONENTS 


AUGMENTED LOGICAL DATA 
SIGNAL ROUTING CHARTS 
CONNECTOR TABLES 


WIRING DEBUGGING 


Fig. 7—Final machine processing. 
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014000 C3W39 RIF22 C9S24 
011000 C9S24 RIF22 C9S06 
024000 C3W43 RIF22 D7CO9 
021000 D7CO9 RIF22 D7C13 
021000 D7C13 RIF22 D8F13 
023000 D8F13 RIF22 C9Q14 
024000 C3wW43 RIF22 D3Q01 
021000 D3Q01 RIF22 03R01 
021000 D3RO1 RIF22 D3S01 
021000 D3S01 RIF22 D3TO1 
021000 D3TO1 RIF22 D3V0l 
021000 D3V01l RIF22 03W0l 
021000 03WOl RIF22 03x01 
021000 03X01 RIF22 D3yY01 


023000 IAU1O RIF22 13718 
023000 D3Q01 RIF22 DAQO3 
024000 DAQO3 RIF22 IAU10 
021000 C3W43 RIF22 C3W4l 
022000 C3W41 RIF22 C3W40 
021000 13Y18 RIF22 13Y40 
031000 C3W29 RIF22 C4TO2 
031000 C4TO2 RIF22 C4TOS 
031000 C3wW29 RIF22 C2515 
03200u C2S15 RIF22 C1002 
033000 C4TO8 RIF22 C7X20 
033000 C&TO8 RIF22 C5CO2 
031000 C5C02 RIF22 C5C10 
034000 C5C10 RIF22 C1V32 


RLT3V 043.0 
RLT75V 004.3 
RUN24 03760 
RUN24 00300 
RAP24 012.5 
RELAZ 03240 
NNO54 03740 
NNO64 00345 
NNOT4 003-5 
NNOBS 00345 
NN214 005.0 
NN224 00365 
NN234 003.5 
NN244 00365 
JON24 032.0 
MPXR*® 02720 
MPXR*® 07260 
RES«* 00340 
RES«* 003.0 
TRMN*® 004.6 
RUF23 O11.0 
RUF23 003.0 
RUS23 01168 
RUW23 015.45 
RIS23 02900 
RIW23 030.0 
RIW23 003.0 
TRMN® 052.40 


m 
m 
@OYYwne 


TT 
we 


Fig. 8—Example of a wiring table (see 


TABLE II 
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39350 
39351 
39352 
39353 
39354 
39355 
39356 
39357 
39356 
39359 
39360 
39361 
39362 
39363 
39364 
39365 
39366 
39367 
39368 
39369 
39370 
39371 
39372 
39373 
39374 
39375 
39376 
39377 


Table II). 
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GUIDE TO WIRING TABLE (See Fig. 8) 


Column 


Meaning 


est signal source 


Memory code 


OoonmNWN He Go Nr 


Code for signal type and wire length class 
Position (rack, row, column) of end of wire branch near- 


Name of stage (source of signal) 

Position (rack, row, column) of end of wire branch near- 
est signal destination 

Name of destination stage 

Length of wire branch in inches 

Type of terminals (taper-pin or edge-on) 


Serial number of branch 


GENERATION OF MAINTENANCE MANUALS 


As an aid to understanding the over-all logic of the 
system, the machine was subdivided into ten major 
blocks, which were further broken down into 300 units 
and 1700 subunits. Each subunit was given a descrip- 
tive title containing up to 45 alphanumeric characters, 
and a 6-digit code number. The assignment of stages to 
subunits was made by the designers in the course of 
laying out the logic. Later on, at the time the stages 
were assigned to physical locations in the racks, the 
subunit titles were also affixed to the stage record (see 
Fig. 9). These descriptive titles were carried with the 
stage record throughout the subsequent processing and 
- appear in the final maintenance records. 

Three principal types of final maintenance records 
are illustrated. In Fig. 11 is shown a sample of an input- 
destination table. Table III gives a detailed explanation 
of the format. These tables show, for every stage: the 
stage name, drawing number, physical position, de- 
 scriptive subunit title; the input signal logic with naines, 

_ positions and drawing numbers of the sources of all in- 
coming signals; the load on each winding of the output 
transformer of the stage, the names of the stages that 
it drives, and their positions and drawing numbers. 

Associated with each such input-destination table is a 
tree diagram table, illustrated in Fig. 12) Whe tree dia- 
gram illustrates the topology of the wiring tree which 
distributes the output signals of the stage. Each line of 


print on the diagram contains the pin position of one 
end of a wire branch, the name of the signal originating 
in that package, the length of that branch, the cumula- 
tive wire distance from the stage output to that point, 
and the “load-length product” at that point. The “load- 
length product” is a figure of demerit proportional to the 
sum of the products of the currents and branch lengths 
over the path from the stage output pin to that point. 
A higher than average value for this parameter suggests 
that a more than average pulse-shape degeneration 
should be expected. Table IV gives a detailed explana- 
tion of Fig. 12. 

A third type of record is the connector table, illus- 
trated in Figs. 13-15 (see also Tables V-VII). The 
format of these tables is isomorphic with the actual ap- 
pearance of the 44-pin package receptacle (connector) 
as seen from the back-wiring side of the racks. Besides 
the identifying position and title data already de- 
scribed, the table indicates for each of the 44 pins the 
name of the incoming signal and the position of the 
other end of the branch. If the signal proceeds out to 
another pin, the record also shows the name of the stage 
located at the other end of the branch and its pin posi- 
tion. Power wiring with color codes also is shown. For 
OR-gate packages, a table is given at the top of the 
record identifying by name the OR-gate located in each 
segment of the package (see Fig. 15 and Table VII for 


details). 
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PACKAGE POSITIONS 
PUNCHED CARDS 


DESCRIPTIVE TITLES 
OF T-STAGES 


PUNCHED CARDS 


LOGICAL NAMES OF T-STAGES 


DESIGN PUNCHED CARDS 


NAME-TITLE DATA 
PUNCHED CARDS 


NAME-TITLE-POSITION DATA 
PUNCHED CARDS 


FINAL MACHINE 
PROCESSING 


NAME-TITLE-POSITION DATA 
MAGNETIC TAPE 


FINAL MACHINE 
PROCESSING 


Fig. 9—Descriptive titles and package positions. 


RIF22(140)C3wW(S1 ) 2330601SCU MEM CAB 2 SELe 


(6)AND=GATE1 
ROF55(137)C4L*01 
RWO8N(133)D6H*02 
RW13N(133)D5J*03 
RW14N(133)D5K*04 
RW15N(133)D5L*05 
RW161(133)05M*06 

(5)AND-GATE2 
REXEN(138)C3J*07 
RIHA5(154)C9V¥08 
RON55(137)C90*09 
REF11(143)C4M#10 
REF2N(145)C4M#11 

(4) AND-GATE3 
REXEN(138)C3J#12 
RH79V 000*13 
RWO71(133)D6G#14 
RWO8N(133)D6H*15 

(4) AND-GATES 
REXEN(138)C3J*17 
RH8OV 000#*18 
REF11(143)C4M#19 
REF2N(145)C4M#*20 
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WIRING TABLES 
PUNCHED CARDS 


G OR NEXT SEQ INSTR SELe 


December 


AUGMENTED LOGICAL DATA 
SIGNAL ROUTING CHARTS 
CONNECTOR TABLES 


WIRE TYPE INVENTORY 
PRINTER 


WIRING TABLES 
PRINTER 


Fig. 10—Wiring data. 


RIF22 


+006(007)NEGATIVE +013(013) INDIRECT +002(002)DIRECT=21 


RIS23(140)C7X20 
R1IW23(140)C5C02 
R1IW23(140)C5C10 
RUF 23(149)C4TO2 
RUF 23(149)C4T08 
RUS23(149)C2S15 
RUW23(149)C1002 


JON24(147)13Y18 
NNO54(101)03Q01 
NNO64(10i)D3R01 
NNO74(101)D3S01 
NNO84(101)D3TO1 
NN214(101)03V01 
NN224(101)D3WO1 
NN234(101)D3X01 
NN244(101)D3Y01 
RAP24(160)D8F13 
RELA3(148)C9014 
RUN24(136)D7C09 
RUN24(136)D7C13 


RL73V19C9S24(003+0100340s0) 
=RELB3(148) C9R 3 

RL75V1C9S06 (003202003400) 
=RELB3(148) COR 3 


Fig. 11—Example of input-destination table (see Table III). 


TABLE III 
‘GUIDE TO INPUT-DESTINATION TABLE (SEE Fic. 11) 
Line Entry Meaning 
RIF22(140) Stage name, clock phase, drawing no. “(140)” 
C3W Position (Rack, row, column) 
(S1) a. Type of Stage: 


S=Single-tube 

D = Double-tube 
b. Phase-skipped inputs 

1 =Has a phase-skipped input 
Blank=No phase-skipped input 
c. Rectifier 

R=Has rectifier 
Blank=No rectifier 


® © © 


G OR NEXT SEQ INSTR SEL. 


a. Memory code 
b. Unit-subunit No. 
c. Unit title 


Subunit title 
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TABLE III, cont. 


Line 


Meaning 


Entry 
(6) AND-GATE 1 Six “(6)” Inputs into AND-gate No. 1 
+006 (007) NEGATIVE 
—_—TeooO 
a. No. of loads on negative output signal 
| b. No. of destinations of negative output signal 
+013(013)INDIRECT 
Se aoe a. Drive of indirect output signal 
| | b. No. of destinations of indirect output signal 


oy 


+002(002) DIRECT =21 
Weis: | 
@ ® © 


lomonn:’) 


. No. of loads on direct output signal 
. No. of OR-gate destinations on direct output signal 
. Total load on stage 


ROF55(137)C4L*01 
—SS——e—rwr > 


6 60 


RIS23(140)C7X20 
eel 


eae 
@ © 


oon 


om 


. Name, clock phase and drawing no. of input to AND-gate 
. Position of input stage “ROF5” 
. Pin no. on AND-gate of “RIF2” 


. Name, clock phase, and drawing no. of destination of negative signal 
. Position and pin no. at destination 


JON24(147)I3Y18 
——y 


os 
@® 


om 


. Name, clock phase and drawing no. of indirect signal destination 
. Position and pin no. at destination 


RL73V1, C9S24(003.0, 003.0, 0) 
aie. |. 
@a® © © OM 


mo Oo of 


enka 


. Name of OR-gate which is a direct signal destination 
. Drive of OR-gate 


Input pin no. on “RL73” from direct signal of “RIF2” 


. Longest line length (inches) of OR-gate tree of “RL73” 


Total branch length (inches) of OR-gate tree of “RL73” 
Branching number of the output-terminal of the OR-gate “RL73” 


Name of second input to first AND-gate 


. Negative signal clock phase 


N=Neg. clock phase 1 
O=Neg. clock phase 2 
P=Neg. clock phase 3 
Q=Neg. clock phase 4 
R=Neg. clock phase 5 


RIW23(140)C5C02 


Name, clock phase, drawing no., position, and pin no. of second negative 
destination 


= RELB3 (148) COR 3 
aioe 


| 
Ce = O® 


(5)AND-GATE2 


RH79V 000*13 


ue 


mee 
@ O© 


aa 


a. Shows beginning of OR-gate destination 
b. 


. Position (Rack, row, column) of “RELB” 
. Type of stage (“RELB”) 


Name, clock phase, and drawing no. of destination of OR-gate AIS” 
(Final destination of tube stage “RIF2”) 


1 =D(upper half of double-tube) 
2=E (lower half of double-tube) 
3=S (single tube) 


ee a ee 


Five “(5)” inputs to AND-gate No. 2 


a. 
b. 


Cc. 


Name of OR-gate input 
No meaning 
Pin no. on AND-gate 
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688 IRE TRANSACTIONS 
1926 #**DIRECT-SIGNAL TREE#** 
C3W39 RIF22(04763924020000) 
C9824 UTERO POLIO. SOE 
C9S06 LEN NORA OLT CON 
61408 ###INDIRECT-SIGNAL TREE*** 
C3W43 RIF22(2836798940e0%00) ---------~=--— 
I 
07c09 ROP MORO PER ni D3001 NNO OM Dee ET Ta 
07c13 HUN etabaeosanenorory D3RO1 ANS SS/A NOE EDOM WACO DAQO3 tS AGI ena 
D8F13 RAPE SMO Des vane esas) D3S01 ARO TaN OG aL Sows TOM) TAU10 CO ee ara Le 
c9Q14 PGES AORTBLON 03701 Mioge loose ssoeraieGes 13718 NSO Aa 
D3V01 RNRURNGst oboe aOR) 13Y40 TRMN#(00466917246905) 
O3WwOl MEY oneeeran 
D3x01 Riceniocaeseccan e104) 
D3Y01 Ane Etooee spacoeeden 
8901 ###NEGATIVE-SIGNAL TREE**#* 
c3W29 RIF22( Nb PSS 2s (QD) a gk Soe ade eee ear ake Tae 
C4102 aichel onticioconsetines €2S15 RUS23(01168s01128s00) 
C4T08 Rune agsrorote ces on ae a ee ame nem em €1002 Pe Crea Yaka AA 
C7X20 RIS23(02920104340901) c5co2 Rincaideosonede cesar) 
c5c10 One SCOR 
€1V32 FRNA COCeeOase Sorel) 
Fig. 12—Example of a tree-diagram table (see Table IV). 
TABLE IV 
GuIDE TO TREE DIAGRAM TABLE (See Fig. 12) 
Line Entry Meaning 
1 192.6 Additional allowable branch length (inches) for the direct-signal tree of “RIF2.” This 
is the difference between the maximum allowable total tree branch length and the 
actual total tree branch length. 
C3W39 RIF22 
Sahin Sars a. Position and output-terminal no. 
| | b. Name and clock phase of the tube-stage which is the source of the direct-signal tree. 
@ Jae 
(047.3, 240.0, 00) 
Sw en a sa. Actual total tree branch length in inches. 
| | | b. Maximum allowable total tree branch length in inches. 
® ® © c. Load-length product for this terminal in units of 100 load-inches. 
3 I Used to show routing of branches between terminals (pins). 
C9S24 RL73V Position, pin no., and OR-gate name of direct-signal destination 
(043.0, 043.0, 01) 
4 weer a. Branch length (inches) between output-terminal (C3W39) and this terminal (C9S24) 
| | | b. Line length (inches) from output-terminal (C3W39) to this terminal (C9S24) 
@ © © c. Load-length product for this terminal 
C9S06 RL75V Position, pin no., and OR-gate name of direct-signal destination 
(004.3, 047.3, 01) 
6 Sea SS a. Branch length between terminals C9S24 and C9S06 
| | | b. Line length between output-terminal C3W39 and C9S06 
® © © c. Load-length product for this terminal 
7 614.8 Additional allowable branch length (inches) for the indirect-signal tree of “RIF2” 
re Used to show routing of branches between terminals (pins) 
~12 DAQ03 MPXR* Position and pin no. of multiplexer (“MPXR)” terminal 
18 I3Y40 TRMN* 


Position and pin no. of termination (“TRMN”) terminal 
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C3W 


Caw 
STAGE S = RIF22 R-140 330601SCU MEM CAB 2 SELe G OR NEXT SEO INSIR SELe RIF 22 
CATH GRND (23) S(01)+ROF55 C4wOleRIF12 C3VO1 
FIL GRND (24) (02) RWOB1-C3W15eRIF12 C3Vv02 
GREEN -1e60V (25) (03) RW131-C3VO3eTRMN* C3W32 
BLACK 603V (26) (04) Rw141=C3V04 
RED +65V ((27)) (05) Rwl51-c3vo5 
VIOLET -2.5V (28) (06) RW161 C3Vv06 
RUS23 C2S15sRUF23 C4TO2N(29)S S(07)+REXE1-C3W12eFIN12 C3X02 
CLOK2 (30) (08) RIHAS C4wO'sRIF 12 C3V08 
ORANGE +8.5V (31) (09) RONSS C4wWO9»RIFI2 C3VO09 
RW131-C3w03T(32) (10) REF11 C3wi9 
YELLOW +0067V (33) (11) REFZ1-C3w20 
BROWN +90V ((34)) S(12)+REXE1-C3wl7»RIF 22 C3WwO7 
GREY —9-e5V (35) (13) RH79V C3V13eRIF42 C4wl3 
1(36) {14) RWO71 C4wl4sKAGA2 ©3E01 
T(37) (15) RWOB1-DEH29sRIF 22 C3WO2 
T(38) (16) 
RL73V C9S24D(39)S S(17)+REXE1-C3V17eRIF22 C3wl2 
RIF22 C3W41R(40) (18) RHBOV C3V1BeRIF4S2 C4wls 
RESe* C3W40eRIF22 C3W43R(41) (19) REF11 C4wlOeRIFZ2 C3W10 
R(42) (20) REF21-C3V20eRIF22 C3wll 
RESe*® C3WS1eNNO54 D3001eRUN24 D7C091143)5 (21) RGEN 
CAP GRND (44) (221 -168V. BLUE 10704759 
Fig. 13—Example of a connector table, single-tube 
package (see Table V). 
aK ny le A C3x c3u **#OR-GATE PACKAGE**# C3U 
STAGE D = RINI1Z2 R-139  330502SCU MEM CAB 1 SELe H SELECTOR. RIN12 OR-GATE/STAGE A = RH77V 8 = RH77V C = RH79V. D = RH79V. € = RHB8OV F = RHBOV 
STAGE & = RIN32 R-14) 330702SCU MEM CAB 3 SELe HK SELECTOR. RIN32 G = RW83V H = RW83V 1 = RWB4yv J = RWB4V K = ZW10V L = Zwilv 
CATH GRND (23) DtO1)+CLOK1 BUS RIN12 C3X03sRH77V C3U25X(23)A AlO1) ROF11 C4F10 
FIL GRND (24) (02) REXE1-C3WO7»RIN32 C3X14 (24)8 A(02) RON11 C9SO1*sKH73V C2C11 
GREEN -1.0V (25) (03) RH77V C3UZ23»sRIN32 C3K15 RH77V C3U37»sRH77V C3U23X(25)B B(03) 
BLACK 6e3V (26) (04) RWO11-C3x16s9JAJE2 C1C14 RH79V C3U27X(26)C C104) ROF55 C4L39 
RED *65V ((27)) (05) RWO21-C4Y05sJAJE2 C1COS RH79V C3U38»sRH79V C3U26X(27)D C105) ROP55 C7M38 
VIOLET -2-5V (28) D(06)+ (26)0 0106) 
Ri29)D (07) -2-5V Bus RHBOV C3U39K(29)E E107) ROS55 C8N39sYB88V C3D04 
RIN12 C3X43R(30)D (08) TAW15 C3U16T(30) £(08) ROW55 C9P38sYBB8V C3D05 
ORANGE #8-5V (31) D(09) RGEN KEY (31) (09) KEY 
RUFI3 C4&SO9N(32)D D(10) CLOK2 » RHBOV C3U39X(32)F F(10) 
YELLOW +0e7v (33) €£f11) CLOK2 (33)F G(11) RUF33 C5S39 
BROWN +90V (1(34)) E(12) RGEN RAXU4 C3YO2sRWB3V C3U36X(34)G G(12) RIZA3 C3U19sRWB2V C2U05 
GREY —9e5V (35) F(13)4CLOK1 bus GREY -9.5V (35) H(13) RIZE3 C3U20»sRWe2V C2U06 
‘ RUW33 C1PO3eRUF33 C N(Z6)E (14) REXE1-C3X02eRING2 C&xO2 RW83V C3U34X(36)H H(14) SOMYT C3U42 
RL78V DAZ7TIE (15) RATTV C3XO3eRIN4S2 C4XO3 RH77V C3U25R(37) L(15)XVY¥112 Cow15s 
RL7T5V CS5280(38)0" (16) RWOL1-D5B29»RIN12 C3x04 RIF12 C3V13sRH79V C3U27R(3B8) L(16) TAW15 C3U21»sTRMN* C3U30 
T(39) (17) RwOZl C4xX05eKAGE2 C2E07 RIF12 C3V18sRHBOV C3U32sRHBOV C3U29R(39) L(17) VX125 CoY38 
T(60) E(18)+ RW84V C3U41X(40)1 1118) RUF43 C5T39 
RIG41)JE (19) -2.5V bUS RAXY4 C3Y19sRWE4V C3U40X(41)4 1(19) RIZA3 C4K37»RWB3V C3U12 
RIN32 C3X21R(42)E (20) RW83V C3U14sSOMYT C9YO5 (42)J J(20) RIZE3 C5J39sRWE3V C3U13 
RESe® C3X30sNNO14 D2G08sRUN14 D7B051(43)D E(21]INNOSS D3HOBsRESe® C3X42 VY102 COU15X(43)K K(21) TAW15 C3T1OsZwW1lV C3U16 
CAP GRND (44) (22) -1le8V BLUE 10/04/59 VX115 C2U12 (44)K (22) -168V BLUE 10/04/59 
Fig. 14—Example of a connector table, double-tube Fig. 15—Example of a connector table, OR-gate 
package (see Table VI). package (see Table VII). 
TABLE V 
GUIDE TO CONNECTOR TABLE (SINGLE-TUBE PACKAGE) (See Fig. 13) 
Pine Entry Meaning 


1 C3W C= Rack © 
Se — Owe 
“W” =Column W 


RIF22 R-140 Name, clock phase, drawing no. of stage 


330601SCU MEM CAB 2 SEL. G OR Unit-subunit no. and title 
NEXT SEQ INSTR SEL. 


CATH GRND (23) Cathode ground on pin no. 23 


S Single-tube 
: = Indicates first pin of AND-gate 
ROFS5S5 C4WO1 Name, clock phase, position, and pin no. of input signal branch 


+ FIL GRND (24) Filament ground on pin no. 24 
GREEN —1.0V (25) Green colored —1.0 volt power lead on pin no. 25 


RW131-C3VO3 “__” indicates negative signal 


sTRMN* C3W32 Branch goes from pin no. 03 to termination at position C3W32 


7 RED+65V ((27)) Double parentheses indicate high voltage present 


9 RUF23 C4T02N (29) Negative (“N”) output branch goes to “RUF2” at C4T02 from pin no. 29 


10 CLOK2 (30) Normal clock phase 2 on pin no. 30 


5 no. 32 provides a ne ative termination I ) for stage RW 13 from 
( ) 


16 T(36) Pin no. 36 paces a positive termination (“T”) 
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TABLE IV, cont. 
Line Entry Meaning 
19 RL73V C9S24D(39) Direct (“D”) output branch goes to OR-gate “RL73” at C9S24 
i i i i i “R”) which is 
Pin no. 40 is connected to an internal extra drive resistor (“R”) w 
i Ss ease connected to “RIF2” at C3W41 
RES.* C3W41 Indirect output is connected to extra drive resistor (RES.*) at C3W41 
; ”) pi “NNO5” at D3Q01 
1, RUN24 D7CO091(43 From Indirect output (“I”) pin no. 43 are branches to 
23 Dar a and “RUN2” at D7C09 
(21) RGEN Pin no. 21 is for regeneration 
CAP GRND (44) Capacitance ground on pin no. 44 
4 
: 10/04/59 Date of connector table run 
TABLE VI 
GuIDE To CONNECTOR TABLE (DOUBLE-TUBE PACKAGE) (See Fig. 14) 
Line Entry Meaning 
ey) STAGE D= “TD” indicates upper half of double-tube package 
3 STAGE E= “E” indicates lower half of double-tube package 
4 D(01)+CLOK i BUS 
we i She) a. Pin no. 1 is the first pin of the first AND-gate for stage “D” (RIN1). 
| | . All pins labeled “D” or “E” apply to stages “D” or “E” respectively 
© ( b. Added clock phase 1 from bus connected to pinrno.1 ~ 
10 (07) —2.5 BUS —2.5 Volt inhibit branch from power bus to pin no. 7 
24 E(21)I NN094 D3H08, RES.*C3X42 Stage “E” (RIN3) has an Indirect output (“I”) to stage “NN09” at D3H08 
and also is connected to an extra drive resistor (RES.*) at C3 X42 
TABLE VII 
GUIDE TO CONNECTOR TABLE (OR-GATE PACKAGE) (See Fig. 15) 
Line Entry Meaning 
2 A=RH/77V - - - F=RH80V Pins labeled “A” on connector apply to OR-gate stage “RH77.” “V” indicates 
OR-gate. Pins labeled “F” apply to OR-gate stage “RH80,” etc. 
4 RIN12 C3X03, RH77V C3U25X(23)A For OR-gate stage “A” (RH77) pin no. 23 is the output (“X”) and there is a 
branch to tube stage “RIN1” at C3X03. The branch to OR-gate “RH77” at 
C3U25 combines two physical OR-gates for added drive 
12 KEY(31) (09) KEY This connector has a key at pin nos. 31 and 09 to permit the insertion of only 
an OR-gate package 
18 RH77V C3U25R(37) ae 37 provides an extra drive resistor (“R”) for OR-gate “RH77 at 
3U2 
CONCLUSION 


In designing new large-scale machines, computer de- 
signers have become increasingly burdened with the 
sheer volume of routine and tedious tasks involved in 
preparing accurate wiring data, assembly instructions 
and maintenance guides from logical design data. To 
alleviate this burden it was only natural for computer 
designers to turn to their own handiwork, the com- 
puter itself, for aid. It was in fact poetic justice to dem- 
onstrate in our own work the highly touted claim of 
computers to relieve tedium. 

In carrying out these tedious tasks, the computer was 
used as a tool for aiding the human engineers rather 
than as an instrument for replacing them. The over-all 


effort was viewed as one of mutually adapting the 
human engineers and the automatic processing equip- 
ment in order to take full advantage of those well- 
developed human skills and intuitions that are not yet 
well enough understood to be formulated in terms of 
programmable operations. 
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Skip Techniques for High-Speed Carry-Propagation 


in Binary Arithmetic Units" 


M. LEHMAN? anp N. BURLAT 


Summary—After a very brief summary of the various well-known 
methods of expediting carry-propagation in binary arithmetic units, 
the paper discusses and develops the “anticipated-carry” or “carry- 
skip” technique originally due in decimal form to Babbage, much 
used in mechanical calculators and lately revived for use in binary 
units. Various degrees of refinement are possible. It appears that for 
a given expenditure, the technique results in a unit which is simpler 
and faster than those using one of the other techniques. Conversely 
in order to attain a given speed with given circuit elements, the skip 
technique appears to minimize the equipment requirement among the 
known speed-up techniques. 


I. INTRODUCTION 
Ae: central problem in the design of high-speed 


arithmetic units is the minimization of the time 

which has to be allowed for the possible propaga- 
tion of carry in the adder network. Various solutions to 
this problem have been proposed. In the asynchronous 
carry completion detection system due to Gilchrist, 
Pomerene and Wong,! the actual completion of the 
propagation process is detected. A signal derived from 
the detection circuit may then be used to initiate the 
’ remainder of the addition process. All waiting time 
and margins of safety in the control circuits may there- 
fore be eliminated. Adders based on this principle are 
efficient since it has been shown? that the average 
length of the maximum propagation chain in an n-bit 
binary adder is less than log» n. 

Weinberger and Smith in their s¢multaneous carry 
circuit?+ take advantage of the fact that the recursive 
form of the full carry-function may (for an adder not 
using the ones complements representation for negative 
numbers) be expressed in nonrecursive (or partially- 
recursive) form. This implies that a circuit realization 


* Received by the PGEC, December 8, 1960; revised manuscript 
received, May 18, 1961. The circuits and techniques discussed here 
were to the authors’ best knowledge first published by N. Burla in 
his Master’s Thesis,4 June, 1960. Since this paper was submitted, 
O. L. MacSorley® has described similar techniques. : 

+ Science Dept., Israel Ministry of Defence, Hakirya, Tel Aviv, 
Israel. 

t Israel Atomic Energy Commission, Tel Aviv, Israel. Formerly 
The Technion, Israel Institute of Technology, Haifa, Israel. ‘ 

1B. Gilchrist, J. J. Pomerene, and S. Y. Wong, “Fast carry logic 
for digital computers,” IRE TRANS. ON ELECTRONIC COMPUTERS, 
vol. EC-4, pp. 133-136; December, 1955. 4 

2A. W. Burkes, H. H. Goldstine, and J. von Neumann, “Pre- 
liminary Discussion of the Logical Design of an Electronic Com- 
puting Instrument,” pt. 1, Institute of Advanced Study, Princeton 
University, N. J.; 1947. : . ; 

3 A. Weinberger and J. L. Smith, “A one microsecond adder using 

one megacycle circuitry,” DS ees ON ELECTRONIC COMPUTERS, 

ol. EC-5, pp. 67-73; June, 1956. ; ; 
a aX. Weraberger sit J. L. Smith, “A Logic for High Speed Addi- 
tion,” Natl. Bur. Standards, Washington, D. C., Circular 591, Sec. ile 


February, 1958. 


of the carry-function may, in each stage, determine the 
carry as ai explicit function of all (or part of) the less 
significant operand bits, thus eliminating (or reducing) 
the carry-propagation. 

A solution based as much on circuit techniques as on 
logical considerations is due to Kilburn, Edwards and 
Aspinall.’ By expressing the carry-function in disjunc- 
tive form, with mutually exclusive conjunctive terms, it 
becomes possible to replace the OR gate of the normal 
circuit with a simple junction of conductors, thus halv- 
ing the number of gates through which a propagated 
carry-signal has to pass. Furthermore, by selecting 
working conditions so that the transistor switches 
operate between two current levels rather than in the 
ON-OFF mode, the exclusive OR circuit achieves min- 
imization of carry time. 

A further method of speeding up mechanized addi- 
tion appears to be less well-known. This is the pyramid 
circuit described by Nadler. Addend and augend bits 
are added to produce partial (half) sum and carry bits 
in a half adder, and are temporarily stored. The carry 
bits are then assimilated in a series of steps, during 
each of which only every second carry position, still 
existing, is absorbed. Each carry thus absorbed is allowed 
to propagate as far as the next stage at which a carry 
may still exist. This propagation does not however 
result in a propagation delay. The path consists of a 
series of AND gates controlled only by the partial sum 
bits, the assimilation circuits being analogous to very 
simple simultaneous (see above) or skip (see below) 
carry circuits. The number of places in which no carry 
can exist is doubled in each phase and the final sum is 
determined in a time proportional to the logarithm of 
the number length. 

Sklansky’s conditional sum adder recently described’ 
is, at first sight, similar to Nadler’s® circuit. Closer 
examination reveals that the fundamental philosophy 
is however quite different and appears rather more 
complex. It is based on the determination of the sums 
conditional and output-carries that can arise from all 
possible distributions of input-carries for groups of ad- 
dend and augend bits. By passing the appropriate in- 


’ T. Kilburn, D. B. G. Edwards, and D. Aspinall, “Parallel addi- 
tion in digital computers, a new fast carry circuit,” Proc. IEE, vol. 
106, pt. B, pp. 464-466; September, 1959. 

6M. Nadler, “A high speed electronic arithmetic unit for auto- 
matic computing machines,” Acta Tech. (of the Czechoslovak 
Academy of Science?), no. 6, pp. 464-478; 1956. 

7 J. Sklansky, “Conditional-sum addition logic,” IRE TRANS. ON 
ELECTRONIC COMPUTERS, vol. EC-9, pp. 226-231; June, 1960. 


692 


formation through a series of networks or selecting 
switches, the number of such bits determined uncondi- 
tionally may be doubled in each of a series of steps. 
Here also the sum is obtained in a time which is ap- 
proximately proportional to the logarithm of the num- 
ber length. 

Finally, we mention here the anticipatory-carry or 
carry-skip technique first proposed by Babbage,* long 
used in decimal desk and punched-card machines, and 
lately revived for use in binary digital computers.’ 
The technique, whose development forms the main 
topic of the present paper, will be further described in 
subsequent sections. 

In briefly summarizing known methods of speeding up 
carry-propagation, we have not mentioned the carry 
storage philosophy originally due to Burks, e¢ al.,? and 
lately developed by the computer group at the Uni- 
versity of Illinois.1!!? This method achieves a speed-up 
of the arithmetic process as a whole rather than only a 
minimization of the propagation effect. Moreover, it is 
compatible with the other methods outlined and its 
characteristics are therefore not considered relevant to 
the present study. 


II. CARRY SKIP 


In their contribution to the IEE Discussion Meeting 
on New Digital Computer Techniques, Morgan and 
Jarvis! describe a binary skip circuit. The technique is 
based on the detection and by-passing of those stages 
of a parallel binary adder in which, during a given addi- 
tion (X+ Y), there exists the condition for carry-prop- 
agation. That is, the carry-signal is enabled to by-pass 
those stages of the carry circuits for which 


An alternative criterion which does not differentiate be- 
tween propagated and generated carries but which is 
more efficient in the skip circuit is 


te yn (2) 


The circuit described by Morgan and Jarvis and out- 
lined in block diagram form in Fig. 1 divides the adder 
into fixed groups, each of six stages. The carry-signal 


8M. V. Wilkes, “Automatic Digital Calculators,” Methuen & 
Co., London, Eng., pp. 13-15; 1958. 

* “Specialist Discussion Meeting on New Digital Computer 

Techniques—Special Aspects of Logical Design,” Proc. IEE, pt. B, 
vol. 106, pp. 462-469; September, 1959, 
- (°C, P. Morgan and D. B. Jarvis, “Transistor logic using current 
switching and routing techniques and its application to a fast-carry 
propagation adder,” Proc. IEE, pt. B, vol. 106, pp. 467-468; Sep- 
See aae < 

“ “On the Design of a Very High Speed Digital Computer,” 
Digital Computer Lab., University of Illinois, Urbana, Rept. 0. 
80; October, 1957. ¥ Peeing 2 
_ @G, Metze and J. E. Robertson, “Elimination of carry propaga- 
tion in digital computers,” Proc. Internatl. Conf. on Information 
Processing, Paris, France, pp. 389-396; June 15-20, 1959. 
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appearing at the input of any group for which condition 
(2) is satisfied for each stage of the group, is transmitted 
to the next group through a special skip gate. At the 
same time the carry is also permitted to propagate 
within the group to permit determination of the various 
sum bits. 

It is clear that the division into groups of 6 
bits (for a word-length of 54 bits) which in the above 
circuit appears to have been based on circuit considera- 
tions, need not prove optimum from the point of view 
of logical efficiency. Furthermore, in the circuit de- 
scribed, propagation chains of up to ten stages can 
still occur without excitation of any skip gates. The fol- 
lowing fundamental questions may therefore be posed: 


1) In the Morgan and Jarvis version of the carry- 
skip technique, what is the optimum group divi- 
sion for equal-sized groups, for binary numbers of 
length (m-+1) bits? 


2) Can the circuit be further speeded up by a divi- 
sion into unequal groups? 


3) Is it advantageous and economic to provide addi- 
tional skip gates within the groups or between 
the groups or both? 


! 


Xi+5  Yi+5 | xiva Yi+4 1x3 Yi+3 


CONTROL PATHS 
CARRY PATHS 


Fig. 1—The simple skip circuit according to Morgan and Jarvis. 


III. Worst-CAsE DESIGN 


Before further developing the skip technique, one 
fundamental point must be clarified. In all addition 
systems except carry-detection, the circuit must be 
based on “worst-case design”; that is, the duration of 
all additions are equal, being determined by the time 
required to add two numbers whose bit patterns give 
rise to maximum time of propagation. The result of an 
addition can never be used elsewhere in the machine 
before this time has elapsed. Thus any components which 
do not contribute to a minimization of the worst-case 
time but merely serve to make certain (or all) of the sum 
bits available earlier for other bit patterns, are re- 
dundant.¥ The actual time allowed for carry-propaga- 
tion will normally be equal to the worst time plus a 
safety margin which may add as much as 50 to 100 per 
cent to the latter. This margin is not further con- 
sidered or mentioned in the present analysis. 


8M. Lehman and N . Burla, “A note on the simultaneous carry- 
generation system for high-speed adders,” IRE TRANS. ON ELEC- 
TRONIC ComPuTERS, vol. EC-9, p. 510; December, 1960. 
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IV. OPERATION TIME 


In the same way as the speed of the simultaneous- 
carry adder depends on the number of phases used, the 
speed of a skip adder depends not only on the circuit 
elements and electronic circuits but also on the logical 
structure of the propagation network. The designer 
must determine the addition time which he desires to 
achieve taking into consideration economic factors and 
the general system design. After this initial decision he 
may then proceed to the development of a practical skip 
circuit. The ultimate upper limit to the speed is that 
which is obtained when all possible skip-paths are pro- 
vided for. It is interesting to note that in this latter 
case the circuit degenerates into an instantaneous carry 
circuit which, in principle, is identical with a two-phase, 
nonredundant version of the stmultaneous-carry system. 


V. THE OPTIMUM SIZE OF EQUAL GROUPS 


Consider an adder of length (m-+1) bits, which is to 
be divided into k skip-groups each of bits so that: 


nk =m-+ 1. (3) 


Let the basic time unit (t.u.) be of the order of magnitude 
of the time required to propagate a signal (carry) 
through an AND-OR gate combination. In the present, 
approximate, analysis it is not possible to consider the 
delay arising from passage through a gate a function of 
gate size. This approach is justified by the fact that 
in general the skip-gates are primed or preset, with 
only that element involved in the actual propagation 
path being active during the propagation process. It is 
also not necessary to consider the type of elements 
(e.g., diodes, transistors, ferrites) being used since in 
any one design the majority at least of the elements 
will be of the same type. 

It is clear that the worst case arises where a carry is 
generated in the least significant bit-stage and after a 
full-length propagation is terminated in the most signif- 
icant stage; that is for addend and augend 


X = 2? >) 2,2, 
i=0 


V = 2? > 4.2%, 
i=0 


the following conditions exist: 


Xo & Vo (4) 
4; 9 (5) 
Te 8 Voie (6) 


In those circumstances the time required for propaga- 
tion is 
(x [1+ (m—1) 4+ (k-2)+ @—1)]tu. 
= (n+ — 3)t.u. 


= (n+ - 3) tu. (7) 


nN 
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Tis measured from the moment when the operands are 
presented to the carry circuit to the time when propaga- 
tion must be completed and the sum may be determined. 
It is required to minimize T with respect to . Differ- 
entiating and applying the standard condition for a 
minimum gives 


GLE m+ 1 
dn n? 
that is, 
m+ 1 
n= 9 
y/ ; (9) 
or 
R= 2, (10) 


The general trends of k and 7 as functions of word- 
lengths are shown in Fig. 2. In any practical case it is 
simple to determine the optimum integral values, 
though their final selection will also be determined by 
other considerations. Fig. 3 shows a plot of relative 


Number Length 
in- bits 


Optimum 
Group. 


Optimum Number 


Size of Groups 


loo 


5 10 


Fig. 2—The optimum group size and the optimum number of 
groups as a function of word length—for equal groups. 


Relative 
Propagation Time 
2 ¢° eu 
L e o ww 
05 


Group Size 
n" 
LJ 


jo 20 30 


Fig. 3—The relative values of maximum propagation time for 
deviations from the optimum group size—for equal groups. 
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propagation time for deviation from optimum size 
groups, for various number lengths, normalization 
having been obtained by dividing the time 7 as de- 
fined by (7), by the number-length m. 


VI. NONEQUAL GROUPS 


In Section V, a technique providing skip paths over 
equal-sized groups was discussed and optimized. The 
design was based on a worst case in which a full-length 
carry excluded only the least and most significant bit 
pairs. These, of course, generate and terminate the 
propagation respectively. For the more general case, in 
which one or more propagation chains are generated at 
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each group up to the middle group (or pair), and then 
decrease in the same way so that the dependence of the 
propagation time on the chain-length is almost elimi- 
nated. A structural change of this type will always 
achieve a reduction in propagation time as compared 
with division into equal groups without any change in 
the amount of equipment required. Table I shows how 
a 60-bit adder, for which the optimum equal-group 
division is ten groups each of 6 bits (or twelve groups 
each of 5 bits), may be divided to give a speed-up of 20 
per cent without any increase in the amount of equip- 
ment provided only that any limit on basic gate-size 
is not exceeded. 


TABLE I 
PossIBLE Group SIzEs FoR A 60-Bit ADDER 


Maximum 


Group Identification and Size 


Propaga- 
tion Time 
in t.u. 


Ode Bop GE eC Oo tf 


Equal Groups 19 


6 O66 OG © 6 - © 


Nonequa! Groups 15 


SO 1S 


Si] SOs One: 


internal points of the carry network, it is easily verified 
that a time less than T is required for completion of the 
propagation process. 

This fact implies redundancy in the circuit, since the 
final carry distribution is completed before it may be 
used, unless a completion-of-carry detection-circuit is 
incorporated. This redundancy may be reduced, in 
units not using ones complements representation of 
negative numbers with end-around-carry, by increasing 
the relative size of inner groups in relation to those of 
the groups at the extremes of the circuit. Consider a 
parallel (m+1) bit adder initially divided, as above, 
into k, n-bit groups. Suppose the size of the least 
significant group go is now reduced by one to (m—1) 
bits, the size of the second group gi is unchanged (as a 
result of the addition of a bit at its least significant end 
and the removal of a bit from its most significant end) 
and the size of the third group ge is increased by one to 
(n+1) bits. For the worst case as previously defined, 
the over-all propagation time is now (7—1) t.u. where 
T is given by (7) since the number of skip gates is un- 
changed but the number of gate-pairs in the unskipped 
group go is reduced by one. The duration of a propaga- 
tion chain generated in the least significant end of gy 
or ge and propagated to the most significant end of the 
numbers is, for the modified design, also (T—1) t.u., 
since, as the number of skip gates passed is reduced, the 
number of bit-gates in the originating group has been 
increased in such a way as to keep the total number of 
gates in the propagation path constant. This process 
of redistribution of circuits to obtain unequal groups, 
may be continued and the optimum division is clearly 
obtained when group sizes increase by one stage for 


VII. FURTHER DEVELOPMENT 


The skip techniques described so far are essentially 
primitive in that only a few of the many possible propa- 
gation chains may be by-passed. The limitations of the 
earlier approach may be overcome by providing a nest 
of additional internal skips for each group or a net of 
intergroup skips. Such circuits have previously been de- 
scribed by Burla't and by MacSorley,” but for a com- 
plete picture are presented again in Figs. 4 and 5. The 
former indicates how additional skip circuits within a 
group can produce a nest which propagates any carry 
entering or generated within the group in, say, only one 
time unit. Fig. 5 on the other hand shows how groups 
of groups may be by-passed. A further alternative not 
illustrated would interlace several sets of groups so 
that any carry wherever generated could immediately 
skip, and the need for propagation in each group 
would be largely eliminated. 

These various approaches are of course not exclusive 
and their joint logical limit, in which every logical skip 
is provided for, has already been mentioned. Such an 
instantaneous adder would, for (m-+1)-bit operands, 
require 


m—1 


8(m + 1) + 2) G+ 3)(m — 3) 
= $(m + 9m? + 38m + 48) (11) 


“ N. Burla, “Some Logical Problems in the Design of a High 
Speed Adder for Parallel Binary Digital Computers,” M.S. Thesis 
The Technion, Israel Inst. of Tech., Haifa; May, 1960. 

® O. L. MacSorley, “High-speed arithmetic in binary computers,” 
Proc. IRE, vol. 49, pp. 67-91; January, 1961. 


Xi+4 Yi4+4 


Xie Yie3 


PATHS 
PATHS 


CONTROL 
CARRY 


Fig. 4—Example of a complete nest of internal skips for 
propagation over a 6-bit group in one time unit. 


logical elements (e.g., diodes). The largest gate in the 
resultant network would require (m+1) inputs. This 
arrangement appears impractical for general-purpose 
computers. In any practical circuit the designer will 
normally be satisfied to adopt a less ambitious scheme, 
_ based on the practical limitation of maximum gate-size 
and the arbitrary speed which it is desired to achieve 
and which can never be less than 2 t.u. as previously 
defined. 

The first step in designing a carry network is the fix- 
ing of the above two factors. For a carry network for 
which the target speed is (p+1) t.u. and which is to 
utilize gates having a maximum of g inputs, the basic 
task of the designer is to divide the carry network into 
groups of bit stages or into groups of subgroups of bit 
- stages, each of which is to be by-passed by a skip gate. 
The following heuristic principles may guide the general 
design procedure. 


1) The design is based on a division of the m-+1-bit 
adder, into p skip-groups. This follows from the 
required propagation time of p t.u., since one 
time-unit is always required for the initial inser- 
tion of addend and augend bits and for the forma- 
tion of the elementary carry-functions. These p 
groups need not necessarily each contain the 
same number of bit stages, but at this point in the 
design procedure they are assumed to be of ap- 
proximately equal size. 
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CONTROL 
CARRY 


PATHS 
PATHS 


Fig. 5—An example of a complete intergroup skip- 
net for 4-bit groups. 


2) A further division into subgroups is derived where 
the number of stages 7 in each subgroup must be 
less than g (maximum gate size). 


No precise set of rules enabling the determination of 
the boundaries between subgroups and groups have 
been established, since in practice the details of the 
design are functions of many factors falling outside 
the scope of this paper. 

The following further principles indicate however 
the general trend of the design technique, which is 
based on examination of all possible gates: 


a) As previously noted the final carry bits in each 
stage from which the sum bits are subsequently 
computed need appear nowhere before conclusion 
of (p+1) t.u. from the moment the operands are 
applied to the network. Thus, skip gates not re- 
quired to ensure that all carries are available by 
this time, are redundant, and should not be in- 
serted. It is of interest to note that this principle 
applies not only to skip but equally to other high- 
speed carry circuits.” 

b) In general, where the alternative exists, it is pref- 
erable to make subgroups small, increasing the 
‘number of intergroup skips and reducing the 
number of internal skips. From a) and b) it fol- 
lows that, if p is small, 2 should be chosen less 
than p in which case internal skip may be com- 
pletely eliminated. 
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c) For units not using ones complements representa- 
tion of negative numbers, the relative sizes of all 
groups need not be the same. For the optimum 
design, the middle group may be larger, and groups 
nearer the least and most significant ends, smaller. 
This follows from a) and is similar in principle to 
the technique described in Section VI. 


VIII. EXAMPLES 


The principles governing the design of carry-skip 
circuits can best be mastered by undertaking an actual 
design. 

As previously mentioned, details of any practical 
design are subject to a number of arbitrary decisions. 
These are, amongst other factors, functions of number 
length, desired speed and circuit components to be used. 
We present here two proposals for systems, one simple, 
one complex, in the form of logical schematics which 
should be largely self-explanatory. The following notes 
emphasizing the most important aspects of the design 
may however prove of interest. 

Fig. 6(a) and 6(b) illustrate a 48-bit adder operating 
in 12 t.u. The circuit is simple in that internal skips are 
not used, there being only twelve subgroups of 4-bit 
stages each, further combined into five groups of differ- 
ing sizes. It calls for a maximum gate-size of five inputs 
as in Fig. 6(a) (group 3). This five-input skip gate 
could be reduced by one element through the provision 
of a two-element skip gate, controlled from a four-ele- 
ment skip-detection gate. Use of the latter technique 
would further reduce propagation time by slightly re- 
ducing the basic time unit. 

The main point worthy of stress is the essential 
economy of the circuit. It requires an average of only 
ten gating elements per bit stage as compared with the 
eight required by a conventional circuit. For this 
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trivial addition of equipment it achieves an actual re- 
duction in addition time to some twenty-five per cent 
of that of a conventional circuit since it requires 12 t.u. 
for completion of propagation as compared with the 
A8 t.u. required by the conventional circuit. 

The second example illustrated in Fig. 7(a)—7(d) is far 
more complex and is intended to illustrate all aspects of 
the skip technique. 

The 54-bit adder [Fig. 7(a)] is ready for determina- 
tion of the sum after four t.u. (p=3). This speed is 
achieved through division into three groups totaling 
nine subgroups. Of the latter, the middle seven com- 
prise a single group. The subgroups are all of equal size 
and it follows that in order to complete propagation in 
the required time, both internal and intersubgroup 
skip gates are required. 

In the least significant group [Fig. 7(b), first sub- 
group | it is required to expedite emergent carries so that 
skip gates feed the generated carries from the various | 
internal points to the exit point of the group. 

For the most significant group [Fig. 7(c), ninth 
subgroup | on the other hand, it is necessary to expedite 
the distribution of imcident carries. Thus skip gates fed 
from the common entry to the group have outputs con- 
nected to the various bit stages. For the middle group, 
Fig. 7(a) (for groups and intersubgroups) and Fig. 
7(d) (fer internal skips) show how sets of gates (not 
unique) of incident, emergent and internal-skip types 
provide for completion of carry under all conditions in 
the required time of three t.u. 

The total element count for this circuit shows an 
average of order eighteen logical elements per bit stage, 
an increase of 125 per cent as compared with the con- 
ventional carry circuit. The time that has to be per- 
mitted for carry-propagation on the other hand is re- 
duced to 7.3 per cent of its conventional value. 


[1] Four-sit Group Without internat 
Skip—aee Figure 6b 


CONTROL PATHS 


——— CARRY PATHS 


Xi+3 Yi4+3 Xi+2 0 Vit2 


(a) 


XIst Yisl 


———- CONTROL PATHS 


(b) 


CARRY PATHS 


Fig. 6—Example One 


(a) A simple skip adder, the intersubgroup skip. 
(b) The internal structure of the siberouee 
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aces . are redundoi 
Overs This input and it the latter 
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required only simultane ousl; 
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is to be made 
for the simple 
addition of 
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complementing 
through provision 
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CONTROL PATHS CONTROL PATHS 
CARRY PATHS CARRY PATHS 


(b) (c) 


XH5 Yit5 Xi+4 Yit4 Xi+3 Yit3B Xi+2 Yi+2 Xi+l Yitt xi Yi 


C out Cin 


——— CONTROL PATHS 


CARRY PATHS 
(d) 
Fig. 7—Example Two 


(a) The intergroup and intersubgroup networks. 

(b) The first subgroup—by-pass mainly of emergent carries. 

(c) The ninth subgroup—by-pass mainly of incident carries. 

(d) The intermediate groups requiring gates for incident, in- 
ternal and emergent carries. 
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IX. CONCLUSION 


A comparison has recently been made™ between all 
those methods of carry speedup described in the present 
paper excepting those of Nadler® and Sklansky.” The 
comparison was based on a criterion 

Bb IB 


= —-— -100 
e to Do 


(13) 


where 
t=the operation time of the network under con- 
sideration 
tp =the operation time of an equal length, conven- 
tional, parallel, carry circuit. 
D=the total number of elements in the carry net- 
work under consideration 
D )=the number of elements in a conventional circuit 
and, for example, equals 8(m+1) where diodes 
are used and where m-+1 is the number length. 


This comparison has now been extended to include 
also the pyramid and conditional sum circuits and a 
paper presenting the complete result is in preparation. 
Table II] summarizes the results of this further study for 
circuits based on diode elements. 

Though the present study will not justify or discuss 
these results, the following comments should be added. 

The “exclusive OR” circuit has been included in the 
table though numerical assessment of its relative stand- 
ing is not, here, practical. The circuit is based on the 
use of high-speed transistors and special circuit tech- 
niques and it could be usefully compared only with 
other fully designed and operative circuits. The same 
techniques could, of course, be applied, at some extra 
expense to many of the other circuits. 

The figure of 25.5 for the number of diodes in the 
conditional sum adder includes two extra for each 
circuit, replacing the Invertor I in Fig. 2(e) of Sklan- 
sky.” No account had here been taken of the need in this, 
or the pyramid circuit, for temporary storage or syn- 
chronizing elements. 
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TABLE II 
A COMPARISON OF VARIOUS CARRY-NETWORK PARAMETERS 


Method t t/to:-100 | D/m-+1 Q 
Conventional 54 100 8 100 
“Exclusive OR” (Kil- 

burn, et al.) <27 «50 Sls} — 
Simple Skip (Morgan, 
ee : 18 34 9.5 40 
Conditional Sum 
(Sklansky) 5.8 10 BSS) 32 
Skip—Example One 
(Lehman, e¢ al. 12 22 10 28 
Carry-Detection 5.6<% 
(Gilchrist, et al.) <6.6 10.4 19 25 
(average) 
Pyramid (Nadler) 4 7.4 252 23 
Simultaneous 
(Weinberger, et al.) 4 LA DS 212 
Skip—Example Two 
(Lehman, et al.) 4 7.4 Tee ify 


Since each stage of the pyramid circuit consists only 
of AND gates, a fairer estimate of the delay per stage 
would be of the order of 4 t.u. In the last two stages 
these gates are very large so that the delay is likely to 
approach 1 t.u. Hence the total time for the circuit has 
been estimated at 4 t.u. 

The data for three examples of the skip technique are 
included in the table. These appear to indicate that, in 
general, for a given expenditure the skip technique leads 
to the fastest adder. Conversely, for a given speed, the 
skip-adder tends to be the most economical. An ac- 
curate estimate of relative costs and efficiencies, how- 
ever, requires the comparison of the circuits of opera- 
ttonal equipment since the present study (or any equiva- 
lent) must be based on a number of assumptions. Thus 
Table II should merely be regarded as indicating the 
efficiency of the skip technique, suggesting that further 
detailed circuit design of various alternative schemes 
appears well-justified. 
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- Some Properties of Binary Counters with Feedback”* 


ROBERT C. BRIGHAMf, assocIATE MEMBER, IRE 


Summary—Properties of binary counters which have feedback 
connections are discussed. Various methods of determining the 
cyclic period have been reported, as well as techniques for synthe- 
sizing feedback connections to obtain a specific period. This paper 
presents a somewhat different approach to the period determination. 
It also includes a discussion of a simple method for determining the 
numerical values eliminated from the normal counting sequence by 
feedback connections. Several illustrative examples are given. 


INTRODUCTION 
IG. 1 is a symbolic representation of an n-bit bi- 


nary counter which can hold the binary equivalent 

of any of the decimal integers 0, 1,---, 2"—1. 
Each numbered block, known as a “stage” of the 
counter, is a bistable device, and an input pulse to it 
changes its binary value. Each stage produces an out- 
put pulse when its value changes from one to zero. The 
output pulse of stage j serves as an input pulse to stage 
j+1. The input pulses to stage 1 are the source pulses 
which are to be counted. The total number of input 
pulses required to cycle the counter completely is 2”. We 
shall refer to this as the “count” C. Thus, if ~=3, the 
counting sequence will be 000, 100, 010, 110, 001, 101, 
011, 111, 000, - - - , having a period of 2*=8. 

The count can be made smaller than 2” by introducing 
__ feedback connections. Feedback occurs when the output 
_ pulse of one stage serves, after appropriate delay, as an 
input pulse to itself, any preceding stage, or any com- 
bination of itself and preceding stages. We shall repre- 
sent feedback connections symbolically by arrows issu- 
ing from a stage, as shown in Fig. 2. Here the output 
pulse of stage »—1, in addition to becoming an input 
pulse to stage 7, serves as an input pulse to both stages 1 
and 3. 

It has been shown! that feedback can cause the count 
to be any of the integral values 1, 2,---,2"—1. Vari- 
ous methods of determining the count, as well as of 
synthesizing feedback connections to obtain a specific 


Fig. 2—Simple form of feedback connection. 


* Received by the PGEC, February 2, 1961. 


Martin Co., Orlando, Fla. 
i Lifschutz, Phys. Rev., vol. 57, p. 243; 1940. 


count, have been reported.?? This paper presents a 
somewhat different approach to the count determina- 
tion. It also describes other properties of binary count- 
ers, including a simple method for determining the 
numerical values eliminated from the normal counting 
sequence by feedback connections. 


Basic FEEDBACK PATHS 


A basic feedback path is defined to be one which can 
be designated as 7(A), where 7 is the number of the 
stage, known as the controlling stage, whose output 
pulse produces the feedback, and A is the decimal 
equivalent of the positive binary integer obtained when 
each stage receiving feedback is considered as one and 
all others are considered as zero. It can be seen that 
A <2'—1. Thus, the connection of Fig. 3 is designated 
4(5). Fig. 4, for the moment considering the dotted con- 
nection as a solid one, is composed of the two basic con- 
nections’4(3) and 7(57). 


Le ee [S| 
INPUT loa eee 
PULSES 


Fig. 3—A 4(5) feedback connection. 


Fig. 4—The two feedback connections 4(3) and 7(57). 


The expression j(A) can represent any of the 27—1 
basic feedback paths j(1)) 7(2))-= => ,j(@1—1). The 
number of different possible basic paths in an n-stage 
counter is then . 


Sih 1) Olt eee 


j=l 


= (2+1 — 2) — mw = 2"+1— (n+ 2). 


If feedback is permitted only to preceding stages, the 
number of different paths is 


(20-1 — 1) = (21+ 2 +++ +2) — (n— 1) 


Me: 


Pare 


J 


~} 


ll 
b 


=s5(DtD) 2 (i= 1) nee 


2B. R. Gossick, “Predetermined electronic counter,” Proc. IRE, 
vol. 37, p. 813; July, 1949. 

3G. F. Montgomery, “Cascaded binary counter with feedback,” 
J. Appl. Phys., vol. 22, pp. 780-789; June, 1951. 
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A 5-stage counter will have 57 different basic feedback 
paths under the former conditions and 26 under the lat- 
ter. 


THE CouNT REQUIRED TO CYCLE 


Consider a single basic feedback path 7(4). With no 
feedback, all of the stages 1, 2, - ++, j7 are set to zero 
when stage j produces an output pulse. With feedback, 
however, this pulse places the number A in the first 7 
positions of the counter. Thus, A counts are eliminated 
each time stage 7 changes its value from one to zero. 
This latter event occurs 2”~/ times in a complete cycle so 
that the count C required to cycle completely is 


C3928 My Os, 
The 4(5) path of Fig. 3, therefore, causes cycling every 
Cos) 2 2 COUNES: 


Redundancy is a possibility when a counter has the 
two basic feedback paths j7(A) and k(B), k>j. Redun- 
dancy is defined to exist whenever stages k and 7 provide 
feedback pulses to the same stages. Examination shows 


that stage 7 produces an output pulse every time that 


stage k does. Therefore, any path to a common stage 
(one which receives feedback input pulses from both 
stages j and k) which is controlled by stage k can be 
eliminated for purposes of analysis. The result is a new 
basic path k(B’) controlled by stage k. The following re- 
sults apply only if this elimination is done. This does not 
imply eliminating such connections from the physical 
counter, although they serve no purpose there. Redun- 
dant connections will be indicated by dotted lines in the 
remainder of this paper. It can be seen that B’= B,’+ By’ 
with B,’=m-2/ (m is an integer such that m-2/<B’ 
<(m-+1)2*). After redundancies are removed, each of 
the 2”-* times that stage k produces an output results in 
the elimination of B’ counts. Stage 7, which normally 
produces 2”~/ outputs in a complete cycle, has this num- 
ber reduced by B,’/2/ each of the 2”—* times that stage k 
produces an output. Therefore, 


C = 2" — Af2--i — 2-1(B,!-2"-*)] — B’-2"-* counts. 
In Fig. 4, B’ =56; By’ =48 =3-2!, Bo’=8 and 
C = 27 — 3[27-4 — 2-4(48-27-7)| — 56-27-7 = 57 counts. 
Two special cases exist: 
By = 0: 
By = 0: 


C = 2” — A-2°-i — B’-2"* counts; 
C = 2m — A[2"-i — 2-1(B’. 2-*)] 
— B'.2*-* counts: 
The above results can be extended to the general case 


when m different basic feedback paths are employed. 
The following rules will yield the correct results. 


1) Eliminate all redundant connections (for analytic 
purposes only). 


2) Determine the number of outputs produced by 
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each controlling stage. For controlling stage j, this 
number is equal to 
Nj = 2°79 = 2 DS Bie 
k 

B,' is obtained by considering the feedback con- 
trolled by stage j individually with that controlled 
by each stage k for all k>j. The result is the gen- 
eral two-feedback connection case discussed 
above. N; is the number of outputs produced by 
stage k and will always be available if this process 
is initiated with the rightmost controlling stage 
and worked to the left. 

3) Determine the counts lost due to feedback result- 
ing from each controlling stage. This is accom- 
plished by multiplying each of the results of step 2 
by the number defining the stages receiving feed- 
back for that particular controlling stage, with no 
redundant connections. 

4) The cyclic count C is 2” minus the sum of the re- 
sults of step 3. 


As an illustration, consider Fig. 5. 


Fig. 5—3(2), 5(15), and 7(60) feedback connections. 


Controlling 


Stage Ni Counts Lost 
7 DUS eee S| 1-48 = 48 
5 2 = 2S 2a os 3b 13239 


3 27-38 — 2-8[48-14 8-3] =7 te 2, ea 
C = 27 — 48 — 39 — 14 = 27 counts. 


REPLACING MULTIPLE Basic PATHS BY A 
SINGLE PATH 


If Cis known, the counts eliminated E can be deter- 
mined by noting that C=2"—E. This same count can be 
achieved by a single basic feedback connection k(B) such 
that H=B-2"-*, Proper values of B and k can always be 
selected because H<2"—1 and k may be set equal to n. 
This basic path may not be the one with the least num- 
ber of connections.? 

If a counter contains the two basic feedback connec- 
tions j(A) and k(B), k>j, the same count can always be 
obtained by a single feedback path controlled by stage 
k. It will be recalled that the general formula for the 
count for two connections is 


C = 2" — A[2--i — 2-1( By! 2"-8)] — BY. Qn-# 
2” — 2n-k(Bl 4+ 4.2 i — 4 B,!-2-1), 


I 


This is the correct form for the single basic feed- 
back path k(B’+A-2'-i—AB,’-2-1), provided that 
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Seed 2 AB. 2 < 981 To" show this latter 
point, it will be remembered that By’ =m-2! where m is 
an integer such that m<2'-i—1, In addition, after all 
redundancies are removed, B’< (m+1)2'—1—A, since 
a B’<2*—1. Thus, 


Bi +. A-2hi — AB,!.2-7 
< (m+ 1)2?—1— 44 4-21 — Am 
eel) oe Aa Ae 
SE ORY a ee ey ee 
eS ie ey ey Yen ey ay Bg 
Zao) esl 


which was to be shown. 


DETERMINATION OF THE NUMERICAL VALUES 
ELIMINATED BY FEEDBACK CONNECTIONS 


Consider a j(A) basic feedback connection. If the 
counter holds the number 2"—1, the next pulse results 
in the counter containing the number 4, rather than 
zero, as would be the case in the absence of feedback. 
Thus, the values 0, 1, ---, 4—1 are eliminated. The 
count will then continue normally from A to 27. The 
next pulse would normally place the number 2? in the 
counter. However, because of the feedback connection, 
the counter will actually hold 2’+4A after the next 
pulse, that is, when stage 7 produces its next output 
pulse. Thus, the numbers 2’, 27+1, --- ,27+A-—1, are 
* also eliminated. Similarly, a set of A consecutive num- 
bers is eliminated each of the 2"~’ times stage j7 produces 
an output, and the sets are separated by 2? units. If a 
represents the set of numbers 0,1, - - - , A —1, the num- 
bers eliminated in a complete cycle are 


@ at, at 2-2, at 3-24,--+, at (2% — 124, 


The 4(5) connection of Fig. 3 is easily seen to eliminate 
the numbers 0-4 and 16-20. 

It is now advisable to define the “logical or” of con- 
trolling stage k as the basic feedback path k(B’’). B”’ 
is the decimal equivalent of the binary integer obtained 
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when each stage receiving feedback, if it is controlled by 
stage k or any controlling stages to the /eft of stage k, is 
considered as one and all other stages are considered as 
zero. The two “logical or” paths of Fig. 4 are 4(3) and 
7(59), and the three of Fig. 5 are 3(2), 5(15), and 7(63). 


Rules for the determination of the numbers elim- 
inated by any combination of basic feedback connec- 
tions can now be stated. 


1) Obtain the “logical or” for each controlling stage. 

2) For each result of step 1, determine a set of num- 
bers in the manner indicated in the first paragraph 
of this section. 

3) Obtain a list of all the eliminated numbers by com- 
bining the results of step 2 in such a way that a 
number is considered eliminated if it appears any- 
where in these results. 


As an illustration, consider Fig. 4: 


“Logical or” Numbers Eliminated 
4 (3) 0-2, 16-18, 32-34, 48-50, 64-66, 80-82, 
96-98, 112-114 
7 (59) 0-58. 


The eliminated numbers are 0-58, 64-66, 80-82, 96-98, 
112-114. For Fig. 5: 


“Logical or” Numbers Eliminated 
3(2) 0-1, 8-9, 16-17, 24-25, 32-33, 40-41, 48-49, 
56-57, 64-65, 72-73, 80-81, 88-89, 96-97, 104— 
105, 112-113, 120-121 
SG) 0-14, 32-46, 64-78, 96-110 
7 (63) 0-62. 


The eliminated numbers are 0-62, 64-78, 80-81, 88-89, 
96-110, 112-113, 120-121. 

It may be noted that if a combination of feedback 
connections eliminates the set of numbers a, this com- 
bination in conjunction with additional connections 
eliminates a set*of numbers 6 such that 8 contains a, 
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A Magnetostrictive Delay-Line Shift Register* 


LEE E. HARGRAVE, Jr.t, MEMBER, IRE 


Summary—A brief theory of correlation, as applied to the recog- 
nition of a specific pattern in a binary signal, is presented. The digital 
shift register, which lends itself well to the practical application of 
the theory of correlation, is discussed. By digitizing the binary input 
signal and applying it to a closed-loop delay line, a time-compressed 
version of the input signal circulates on the line, and the delay line 
can perform the same function as the digital shift register, with 
possible advantages of size and cost over the shift register. Sample 
parameters are postulated for a shift register, and a shift register 
employing a magnetostrictive delay line is designed. The operation 
of the designed delay line shift register is then discussed in detail. 


I. A GENERAL DISCUSSION OF CORRELATION 
( sake a binary signal in noise, the problem of 


recognizing a known pattern therein lends itself 

readily to correlation techniques. The problem is 
illustrated by an example in Fig. 1, where the binary 
signal is f(f). For simplicity, the two permissible signal 
states are denoted one (mark) and zero (space). The 
task is to recognize a known pattern whenever it occurs 
in f(t). This specific pattern, or word, is designated g(t), 
the word length being T seconds. In the example of Fig. 
1, the simple word pattern g(t) obviously occurs in the 
signal f(t). 


1 T 
o@)=af M+nsou 


Fig. 1—Binary correlation. 


The correlation function ¢(7) is given by 


‘ll T 
g(r) = al) S(t + r)g(t)de. 


In the example, whenever ¢(r) assumes its maximum 
value of unity, a word is present in f(t) from t=7 to 
t=7+T. At any given time, the value of the correlation 
function will lie between zero and one, assuming its min- 
imum value of zero when the inverse of the word g(t) 
appears in f(t). 


* Received by the PGEC, November 21, 1960. 
} Sanders Associates, Inc., Nashua, N. H 


The explanation of the theory of correlation sim- 
plifies considerably when the signal is binary. When- 
ever f(t-+7) and g(t) are at the same state, their product 
is one; whenever their states are different, a zero prod- 
uct results. Since the integral is only taken from t=0 to 
t=T, only the product in this interval is of interest. 
The effect is that of a template of the word structure 
from t=0 to t=T. As 7 increases, the binary signal 
f(t+r) slides through the template from right to left, 
yielding an instantaneous product of the signal and the 
template. The correlation function ¢(r) is simply the 
integral of the product over the template normalized to 
a maximum of unity. In other words, the correlation © 
function ¢(7) indicates that fraction of the signal which 
agrees with the template at any time T. In Fig. 1, $(7) 
is plotted for a sample f(¢) and g(t); note the peak of 
¢(r) at the leading edge of the word pattern in f(f). 

In practice, a valid word in the binary signal could 
be corrupted by the effects of noise, resulting in imper- 
fect peaking of the correlation function. To combat this 
and improve the probability of recognition, a recogni- 
tion threshold would be assigned to ¢(r), such that 
whenever ¢(r) exceeded this threshold, a word would be 
assumed to be recognized. Obviously, the lower the 
threshold, the higher the probability of recognition of 
a valid word. Unforunately, however, a decrease in the 
threshold also increases the probability of false alarm, 
1.e., the recognition of a word when one is not present. 
The best threshold setting would be the optimum com- 
promise between these two probabilities. 


II. Binary CORRELATION WITH A SHIFT REGISTER 


A binary shift register may be used to approximate 
binary correlation. In essence, the register itself func- 
tions as the template, while a digital version of the 
signal continuously shifts through the register. The 
digitizing of the binary signal is accomplished by con- 
tinuously dividing the signal into consecutive segments, 


or digitizing periods, of length 7,, with the weight of 
the mth period being 


1 mT q 


f(édt. 


qa’ (m—1)Tq 


The weight of any given digitizing period can vary 
from a minimum of zero, corresponding to steady space, 
to a maximum of one, corresponding to steady mark. A 
weight threshold Wp is chosen, such that if Wm Wr, 
the mth digitizing period is assigned a one or mark, and 
if Wn<Wr, the mth digitizing period is considered to 
be a zero or space. 


The digitized input signal is then shifted down an 


1961 


m-bit shift register, the shift frequency being 1/7, 


_ cycles per second. Since the register acts as the template, 


it must be 7 seconds in length. Thus 
gs TI as 


1.e., the number of bits in the shift register equals the 
number of digitizing periods in the word to be recog- 
nized. Hence the word also may be digitized into n 
periods; moreover, each digitizing period corresponds 
to a bit in the shift register. In particular, the first 
digitizing period corresponds to the output bit, or mth 
bit of the register; the second period to the (~—1)th 
bit; etc. 

The correlation process occurs between shifts of the 
register. The product f(¢+7)g(t) consists of comparing 
the state of every bit with the permanent state of the 
corresponding digitizing period of g(t). If agreement 
exists, the product is one; disagreement yields a product 
of zero. The integral over the word length reduces to 
the sum of these ” products. The value of the correla- 
tion function thus obtained may vary between zero 

_and n, the latter occurring when total agreement is ob- 
tained. 

The shift register always contains a digitized version 
of the preceding T seconds of f(t). When the presence 
of a word in the shift register is detected by the correla- 
tion function having exceeded its preassigned threshold, 
the word may be read out of the register in a serial or a 
parallel fashion, or in any combination thereof. The in- 
formation content of the word is then extracted from 


the digitized version of the word. Since the information 
is dependent on the smallest pulse width in the word, 


the digitizing period must be small enough such that 
the presence or absence of that pulse may be detected 
‘in the digitized word. This sets an upper bound on 
T,; viz., it must be substantially less than the smallest 
information pulse. 

It is apparent that the shift register technique is only 
an approximation to the integration of correlation, 
similar to the familiar trapezoidal and Simpson ap- 
proximations. The probable error of the approximation 
decreases as the digitizing period decreases. There is, 
however, a realistic lower bound to T,, the reciprocal 
of the bandwidth of f(t). In other words, 7, must be 


‘greater than the transition times of f(t) between binary 


states. Once this bound is reached, no further reduction 
in the probable error may be attained by decreasing 7. 

Summarizing, 7, is bounded both from above and 
below, while the probable error of the correlation ap- 
proximation varies directly with T,. Since n=T/T,, it 
follows that the number of bits in the shift register varies 


inversely with the probable error of the correlation 


function. Often the attainment of a tolerable probable 
error demands an extremely large number of bits in the 
shift register. The utilization of bistable elements, such 
as vacuum tube or transistor flip-flops or magnetic 
cores, as the individual bits of the register may result in 


-a prohibitively large cost or size, 
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This paper describes a method of simulating the cor- 
relation shift register by means of an analog delay ele- 
ment and a small amount of control circuitry. The 
delay-line shift register affords the advantage of a low 
correlation error without the disadvantages of cost and 
size inherent in a long, bistable element register. 


III. THe THEORY OF THE DELAY-LINE SHIFT REGISTER 


The crux of the delay-line shift register is the con- 
tinuous circulation of a time-compressed version of the 
preceding 7 seconds of the digitized signal. Although 
many ratios of delay to digitizing period could accom- 
plish this end result, one ratio in particular will be dis- 
cussed first, after which the effect of other ratios will be 
considered. 

Let us consider a delay of (n—1)T,/n. After each 
digitizing period of f(t), a pulse of positive or negative 
polarity is launched down the delay line, depending 
on whether the digitizing period was a mark or a space, 
respectively. At present the width of the pulse is im- 
material, provided it does not exceed 7',/n seconds. The 
pulse corresponding to the first digitizing period of 
f(t) is launched down the line at t=7,; the pulse for 
the second period at f=27,,; etc. These pulses arrive at 
the output of the delay line (n—1)7.,/m seconds after 
their launching, at which time they are reapplied to the 
input of the line. Thus the first pulse, which was 
launched at t=T7,, begins its second pass through the 
line at £=(2—1/n)Ty,, its third pass at t=(3—2/n)T,, 
etc.; the second pulse begins its launch at t=27,, its 
second pass at t=(3—1/n)T,, etc.; and so forth. Note 
that the first pulse begins its second pass 7 ,/n seconds 
before the initial launching of the second pulse, which 
means that the first pulse will be 7,/n seconds, or 
1/(n—1) of the total delay, down the line when the 
second pulse is launched. Thereafter the two pulses will 
always be 7,/n seconds apart on successive passes 
through the line. In general, the mth pulse will be 
T,/n seconds down the line on its second pass when 
the (m+1)th pulse is launched; thereafter at any point 
in the closed loop the mth pulse will lead the (m+1)th 
pulse by 7',/n seconds. 

Returning to the first pulse, it attempts to start its 
(n+1)th pass through the line at t="7q. At this same © 
time, however, the mth pulse is being launched down 
the line. The initial launching of the mth pulse overrides 
the (n+1)th launching of the first pulse, and the latter 
is removed from the circulating stream permanently. In 
general, the mth pulse makes m passes through the 
line, after which its place is taken by the initial launch- 
ing of the (m+n—1)th pulse. After =n7,=T seconds 
the delay line is completely filled, each initial launch- 
ing of a pulse resulting in an erasure of an older pulse. 

In summary, at any point in the circulatory loop the 
mth pulse will be followed by the (m+1)th pulse 
T ,/n seconds later. The sole exception is when the mth 
pulse is making its first pass through the line; it is 
followed by the (m—n-+2)th pulse, which is making its 
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last pass through the line. The train of ~ pulses from 
m—n+2 to m+1 represents the digitized version of 
f(t) from t=(m—n-+1)T, to t= (m+1)T,, or a total of 
nT,=T seconds of f(t). Since the pulses are T,/n sec- 
onds apart on the loop, the entire train passes in 7’, sec- 
onds, resulting in a virtual time compression of f(t) by 
a factor of n. In other words, the previous 7 seconds of 
digitized f(t) circulate around the loop every T’, sec- 
onds. The m pulses beginning with the oldest pulse in 
the train and ending with the newest pulse may be 
correlated with the compressed word g(é) in a serial 
fashion every 7, seconds. Thus the delay-line shift 
register simulates the actual shift register just dis- 
cussed. 

Many other ratios of delay to digitizing period will 
accomplish this same result. For example, a delay of 
(n—1)T,/|1+k(n—1)] allows the mth pulse to make 
k complete passes before the (m+1)th pulse is launched. 
The advantage of a shorter delay may be cancelled by 
the disadvantage of a shorter spacing of T,/[1+k(n— 1)] 
seconds between pulses on the line. A delay of 
(n—1)T,/ [k(n—1)—1] results in a time inversion in 
the time-compressed f(t). Other ratios of delay to 
digitizing period can result in various transformations 
of the time-compressed signal. Although a particular 
transformation may prove advantageous in correlating 
a specific word pattern, the infinite variety of trans- 
formations will not be pursued further. 

The remainder of this paper will describe the design 
and operation of a particular delay-line shift register, 
excluding the correlation circuitry. For an example, we 
shall design the shift register to have a word length of 


T7=- 300-530) msec, 
and a digitizing period of 
Deep leo MSEC, 


To fulfill these specifications with a conventional shift 
register would require a minimum of 


n= T/T, = 270/1.5 = 180 


bistable elements. (The bar above the quantity denotes 
the maximum value of the quantity, while a bar below 
denotes the minimum value. This notation will be used 
quite frequently throughout this article.) 


IV. PRELIMINARY SELECTION OF THE CLOCK FREQUENCY 
AND THE DELAY LINE 


Unless adequate timing controls are designed into 
the delay-line shift register, acute timing problems can 
result. For instance, suppose the delay of the line 
Ta=(n—1)T,/n changes from its assigned value by an 
amount 674. After » passes through the line, each pulse 
will then be 67a seconds out of time with the new 
pulse which is to take its place. A simple method of 
alleviating this problem is to synchronize the pulses out 
of the line with a train of clock pulses, thereby having 
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to correct only for a difference of 674 seconds. Since the 
separation between pulses on the line is T,/n seconds, 
the frequency of the clock would be n/T, cps. In addi- 
tion, a clock of frequency 1/7, cps is required to de- 
termine the digitizing periods of f(t). Moreover, this 
slower clock must maintain complete synchronism with 
the faster clock, so that the insertion of a new pulse 
coincides exactly with the removal of the oldest pulse. 

The obvious solution to this problem is to provide a 
master clock with a frequency of /T, cps. The lower- 
frequency clock is then obtained by dividing the 
master clock frequency by a factor of n, thereby assur- 
ing complete synchronism. Although frequency divi- 
sion by any integer ” is not difficult, if the integer were 
an integral power of two, only logs m binary counters 
connected in cascade would be required for the division. 
The specifications of the example call for m= 180. With 
the choice of nm =28=256, the probable error of the cor- 
relation function will probably be lower than that at 
n, at the worst showing no change at all. 

With x fixed, the minimum frequency of the master 
clock becomes 


f = w/T = 28/330 = 198.6 kc, 
while the upper limit is 
f = n?/T_= 218/270 = 242.7 ke. 


A reasonable standard frequency within these limits is 
f=200 ke. 
The choice of » and f fix the storage length at 


T = n?/f = 236/200 = 327.7.msec, 
the digitizing period at 
T, = n/f = 28/200 = 1.28 msec, 


and the delay of the line at 
Ta = (n — 1)/f = 255/200 = 1.275 msec: 


Since »=256, this delay-line shift register will re- 
place a conventional shift register with 256 bistable 
elements. In this example, generous tolerances on JT 
and 7, allow the selection of convenient values for 


n and f. If J and 7, had been firmly fixed, the result | 


would have been only a less convenient frequency divi- 
sion factor and a peculiar, nonstandard, clock frequency. 
In general, determining any two of T, T,, Ta, f, and 
uniquely fixes the remaining three. 

The separation between pulses on the line is 5 usec, 
which is the period of the master clock, and the delay 
of the line is 1275 usec. To discern the presence of a 
single pulse on the line, the ratio of delay to rise time 
for the line must be much greater than 1275/5 =255. 
This restriction eliminates both distributed and lumped 
parameter electrical delay lines from consideration. 
With the present state of the art, the upper limit of the 
delay to rise time ratio for electrical lines is in the 
neighborhood of 200. It follows that the line must be of 
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the acoustical or ultrasonic variety, among which the 
quartz, mercury, and magnetostrictive delay lines are 
prominent. Consideration of cost, size, and temperature 
coefficient of delay make the magnetostrictive delay 
line extremely well suited for application in the delay- 
line shift register. 


V. THE MAGNETOSTRICTIVE DELAY LINE 


The heart of the delay-line shift register is the mag- 
netostrictive delay line. The operation of a magneto- 
strictive delay line employs three principles. The first of 
these is the Joule effect, in which a magnetostrictive ma- 
terial experiences a change in physical dimensions, i.e., 
and expansion or contraction, with a change in magnetic 
flux through the material. The second principle is the 
propagation of a mechanical strain through the ma- 
terial at sonic velocity. The third principle is the Villari 
effect, which pertains to a change in the permeability of 
a magnetostrictive material in the presence of a strain. 
_ A practical magnetostrictive delay line consists of a 
length of nickel-alloy wire, the sonic medium, with a 


.coil wound around each end. A magnetic field is im- 


pressed in the nickel wire at the output coil, usually by 
means of a permanent magnet. A change in current in 
the input coil will create a strain in the nickel wire 
under the coil, which in turn is transmitted down the 
line to the output coil at the velocity of sound. Upon 
arrival at the output coil, the strain causes a change in 
the permeability of the line, which in turn causes a 
change in the magnetic flux density under the output 


_coil. The voltage induced in the output coil is propor- 


‘tional to the time rate of change of the flux-linkages of 


the output coil. 

Fig. 2 illustrates the output voltage waveforms for 
several input current pulses. Of course, the output 
waveforms are delayed by Ju, the time delay of the 
line. If a long pulse of current is applied to the input 
[Fig. 2(a)], the output voltage consists of two distinct 
doublets, corresponding to the beginning and the end 
of the input pulse. The structure of the output voltage 
doublet, which may be considered as an approximate 
second derivative of the input, is primarily dependent 
on the length of the input and output coils and the dis- 
tribution of the magnetic fields of the coils. As the in- 
put pulse length is decreased [Fig. 2(b) and (c) ], the 
doublets approach one another and the interior peaks 
begin to coalesce. Finally [Fig. 2(d)], that input pulse 
length is reached where the two interior peaks merge 
completely, resulting in a peak of roughly twice the 
magnitude. This is the pulse length for which the line is 


designed; decreasing the input pulse length any farther 


will only decrease the magnitude of the center peak. 
For ease of explanation in previous sections, it was 
stated that a positive pulse on the delay line represented 
a marking digitizing period, whereas a negative pulse 
represented a space, and that the period of the pulses on 
the line was 5 psec. In the actual implementation of the 


theory a digitizing period of mark will be represented by 
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Fig. 2—Pulse response of a magnetostrictive delay line. 


a 2.5-usec pulse in the 5-usec period, and a digitizing 
period of space by the absence of a pulse in the 5-ysec 
period. Therefore, if the delay line is designed for 2.5- 
usec pulses, the condition of steady mark on the line 
would reveal a 200-kc square wave of current at the 
input and a 200-kc quasi-sinusoidal voltage at the out- 
put. The actual magnetostrictive delay we shall em- 
ploy is 1274.375 usec, not the previously calculated 
1275 usec. In addition, the master clock frequency will 
be doubled from 200 kc to 400 kc. These two changes 
will be explained subsequently. 


VI. LocicAL SCHEMATIC OF THE DELAY-LINE 
SHIFT REGISTER 


Fig. 3 is the logical schematic of the delay-line shift 
register, and Figs. 4 and 5 are typical timing diagrams 
for the register. These figures assume that the more 
positive level is logical one, and that flip-flops can only 
be switched by a leading edge, 7.e., a transition from 
zero to one. In Fig. 3, the 400-kc master clock, the ten 
flip-flops A through J, AND gates 1 and 4, and the in- 
verter provide all of the timing waveforms for the 
register. The set and reset outputs of the master clock 
are opposite polarities of a 400-kc square wave. The 
flip-flops A through J are cascaded binary counters, 
performing binary frequency division of the 400-kc 
master clock waveform. Table I lists the frequency 
and period of either output of the important stages in 
the chain. 


ne 
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Fig. 3—Logical schematic of the delay-line shift register. 
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INPUT _f(1) 
INTEGRATOR INPUT 


INTEGRATOR RESET PULSE 


INTEGRATOR OUTPU: 


THRESHOLD 
OUTPUT 


INVERTED INSERTION PULSE 


_ 


88 
nioi 


TIME (MS) 


SET OUTPUT | 


° 


Fig. 5—Timing diagram of the digitizing section. 


TABLE I 
Stage Frequency (cps) Period (us) 
Clock 400 ,000 225 
A 200,000 5 
E 12,500 80 
ih VESS AS) 1280 
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Flip-flop J provides the gating pulses which syn- 
chronize the output of the delay line amplifier-squarer. 
Flip-flop J is set by the set output of A and reset by the 
set output of the clock (see Fig. 4). Flip-flop J then re- 
ceives a leading edge on its set input every 5 psec and 
two leading edges on its reset input between set inputs. 
The leading edge on the set input always sets J. The 
first reset input, which occurs 1.25 usec after the set of 
J, resets J, and the second reset input, occurring 2.5 
psec after the reset of J, has no effect since J has al- 
ready been reset. The resultant set output of flip-flop 
J is a 1.25-psec pulse with a period of 5 psec, the leading 
edge coinciding with the leading edge of the set output 
of A. The set output of J is called the gating pulse. 

AND gate 1, which gates the set outputs of flip-flops 
B through J, furnishes the insertion pulse, and the in- 
verter which follows provides both the insertion pulse 
and the inverted insertion pulse. The insertion pulse is 
a 5-usec pulse which occurs every 1.28 msec, and its 
trailing edge separates the successive digitizing periods 
of f(t). The output of AND gate 4 is the integrator reset 
pulse, an 80-usec pulse occurring every 1.28 msec. The 
trailing edge of the integrator reset pulse coincides with 
that of the insertion pulse, and hence with the separa- 
tion between digitizing periods. 

Fig. 5 shows the timing of the digitizing section for a 
typical binary signal input and a particular threshold 
setting. The digitizing section is composed of the am- 
plifier-inverter, the integrator, the threshold, and flip- 
flop L. The input to the digitizing section is the binary 
signal f(t). The amplifier-inverter standardizes the 
binary levels of the signal, providing both polarities of 
f(t) as outputs. With the normal-invert switch, one may 
select either polarity of f(f) as the mark level. The in- 
tegrator determines the weight of each digitizing period 
by integrating the signal over the period. Since a finite 
time is required to reset the integrator for the next 
digitizing period, the integration actually occurs only 
during the first 1.20 msec of the digitizing period, and 
the reset during the last 0.08 msec of the period. The in- 
tegrator reset pulse accomplishes this periodic reset. 
Provision is shown for manually setting the weight 
threshold to a desired value. If the output of the in- 
tegrator exceeds the preset threshold, the threshold out- 
put changes from zero to one, setting flip-flop Z. Flip- 
flop L is periodically reset at the end of the digitizing 
period by the inverted insertion pluse. Thus, flip-flop L 
is set only during the digitizing periods which have been 
designated as marking periods by the weight integral 
having exceeded the preassigned weight threshold. The 
flip-flop is set whenever the instantaneous value of the 
integral exceeds the threshold and is reset at the ter- 
mination of the 1.28 msec digitizing period. 

AND gate 2, the circulation gate, and AND gate 3, 
the insertion gate, control the insertion of the new pulse 
into the circulating stream, the removal of the oldest 
pulse in the stream, and the gating of the pulses out of 
the delay line amplifier-squarer. Since one of the inputs 
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to the insertion gate is the insertion pulse and one of the 
inputs to the circulation gate is the inverted insertion 
pulse, no pulses can pass through the circulation gate 
during the insertion pulse, i.e., the last 5 usec of every 
digitizing period, while this is the only time a pulse may 
pass through the insertion gate. Since the oldest pulse 
in the train arrives at the circulation gate during the 
insertion pulse, it is denied passage through the gate 
and thus erased from the train. Simultaneously, a gat- 
ing pulse arrives at the insertion gate during this 5-ysec 
interval. If the digitizing period is a mark, the remain- 
ing input to the insertion gate will be enabled, allowing 
the gating pulse to pass through the insertion gate and 
subsequently into the circulatory stream. A digitizing 
period of space inhibits the passage of the gating pulse 
through the gate. In this manner, the new pulse, or lack 
of pulse, is slipped into the stream while the oldest 
pulse, or lack of pulse, is erased. 

With a clock frequency of exactly 400 kc and a delay 
of precisely 1274.375 usec, the 1.25-usec gating pulses 
will occur precisely in the center of the 2.5-usec pulses 
out of the amplifier-squarer. Hence, if the delay is off 
relative to the clock frequency, the gating pulses will 
synchronize the delayed pulses through the circulation 
gate. With a constant clock frequency, the delay of the 
line may vary +0.635 ysec from the nominal value, or 
approximately 5 parts in 10‘, without the gating pulses 
slipping out of the delayed pulses from the amplifier- 
squarer. 

The pulses from the circulation gate and the insertion 
gate are only 1.25 usec wide, the width of the gating 
pulses. Flip-flop K effects the merger of the newest 
pulse into the circulatory stream, as well as the stretch- 
ing of the pulses to their delay line width of 2.5 usec. 
Flip-flop K is periodically reset 1.25 usec after the trail- 
ing edge of each gating pulse by the reset of A, while it 
is set by the output of either AND gate 2 or 3. The 
merger is then accomplished by the dual set input, and 
the pulse stretching by the delayed reset. 

The leading edge of each pulse into the line coincides 
with the leading edge of a gating pulse. Since the delay 
of the line is 1274.375 psec and the period of the gating 
pulses is 5 usec, each pulse into the line is delayed by 
1274.375/5 = 254.875 periods. This fractional period de- 
lay causes the delayed pulse to arrive at the output 
slightly ahead of a gating pulse, the lead time being 
0.125(5) =0.625 wsec. Thus the 1.25-ysec gating pulse 
must occur precisely in the center of the 2.5-ysec output 
pulse. . 


VII. CoNCLUSIONS 


The usage of a closed-loop delay line as a storage ele- 
ment can hardly be considered a new idea. It has been 
employed in many fields of electronic endeavor—for 
example, in digital computers—and is generally viewed 
as a fundamental technique of storage. However, the 
- variation of this basic theme to the task of correlating 
a binary signal with a known word via the route of 
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time compression must be considered novel. 

The evolution from the original idea to the operative 
result necessarily required that many problems of a 
practical nature be solved. Among these was the prob- 
lem of determining during each digitizing period whether 
the binary signal was a mark or a space. A very simple 
solution to this problem, and one that is frequently 
used in equipments of a similar nature, is to base the 
determination on a single sample or strobe of the input 
signal during the digitizing period. The accuracy of this 
method obviously cannot compare with that afforded 
by the weight integral. The reset integrator and the 
threshold of the digitizing section represent the prac- 
tical embodiment of the theory of the weight integral. 

Another problem which arose concerned the task of 
synchronizing the digitizing period with the period of 
the pulses on the line, such that the oldest pulse position 
in the train arrived at the output of the line and the 
digitizing period came toa close simultaneously. The use 
of a single, master clock with cascaded binary counters 
and appropriate gates to determine both the line pulse 
period and the digitizing period alleviated this problem, 
but presented still another, viz., maintaining this 
synchronism over expected variations in the clock fre- 
quency and the delay of the magnetostrictive line. This 
latter problem was solved by strobing the pulses out of 
the line with smaller gating pulses centered in the larger 
pulses. 

Still another major problem was the amplification 
and squaring of the low-level pulses out of the delay 
line in the presence of the background noise of the 
equipment. The use of a differential amplifier in the 
amplifier-squarer cleared up this difficulty. 

In summary, the author feels that the technical 
significance of this effort lies in the unique application 
of an established technique and in surmounting the 
inevitable problems which impede the evolution of an 
idea to an actuality. 

As to the performance of the delay-line shift register, 
all expectations were fulfilled. A striking example of 
the storage facet of the register was obtained by dis- 
playing one complete digitizing period of the circulation 
gate output on an oscilloscope, initiating the sweep at 
the beginning of each successive digitizing period. Each 
sweep of the oscilloscope then displayed the time-com- 
pressed version of the preceding word length of the 
binary signal. The effect was that of viewing the con- 
tents of a slot exactly one word length in width, which 
was being moved across a plot of the input signal in the 
direction of increasing time. Consequently the input 
signal paraded through the slot from right to left. 

Finally, the delay-line shift register did prove to be 
cheaper and oft times to occupy less space than shift 
registers utilizing conventional bistable devices. To con- 
struct, for example, a 256-bit shift register employing 
junction transistor flip-flops would require 512 transis- 
tors for the register alone, whereas the delay-line shift 
register used only 47 transistors. This savings in transis- 
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tors alone could pay for the magnetostrictive delay line 
many times over, not to mention the space consumed by 
256 flip-flops. If magnetic cores are used in the register, 
the size of the register could perhaps be made com- 
parable to that of the delay-line shift register, but the 
cost of the 256 cores and the associated driving circuitry 
would still be prohibitive. In addition, while the cost of 
the conventional register is roughly proportional to the 
number of bits, the cost of the delay-line shift register 
is relatively independent of the number of bits when 
this number is large. For this reason, the delay-line 
shift register certainly offers a cost savings over long 
conventional registers. 
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Proposal for Magnetic Domain-Wall 
Storage and Logic” 


DONALD O. SMITHT 


Summary—Magnetic storage of binary digital information is cur- 
rently accomplished by utilizing the two stable and degenerate 
energy states corresponding to opposite spatial directions of a mag- 
netic domain. However, a second type of magnetic-energy de- 
generacy exists since a domain wall separating two domains has the 
same energy regardless of the sense (clockwise or counter-clockwise) 
of rotation of the magnetization M within the wall. Hence, the ro- 
tational sense of M in passing through a wall can be used to represent 
binary information. The two methods of representation are essen- 
tially different since different aspects of spatial symmetry are in- 
volved. A practical method of utilizing wall-rotation information 
coding can be effected by means of strips of thin magnetic film and 
nearby current conductors which are used to generate magnetic fields 
in specified directions at specified times and places. A shift register 
consists of a regular up-and-down domain pattern with M perpendic- 
ular to the long strip axis; no information is contained in the domain 
pattern itself, which only serves to separate spatially the information- 
bearing walls. Shifting is accomplished by two-phase clock pulses on 
a pair of shifting windings. Read-out requires the use of the operation 
of conditional erase, accomplished as follows: if two walls of the 
same sense are brought together they form a double wall which can 
subsequently be separated into two walls; if the walls are of the oppo- 
site sense they will destroy one another upon being brought together. 
Thus, erasure occurs on condition that two walls have opposite sense. 
Read-out then consists of conditional erase between a data wall and 
a wall of known sense read-in for the purpose of read-out. By intro- 
ducing junctions between strips, fan-out can be achieved by moving 
a wall from a single to a double strip. Furthermore, if data walls from 


* Received by the PGEC, July 5, 1961. 
| Lincoln Laboratory, Massachusetts Institute of Technology, 


Lexington, Mass. Operated with support from the U. S. Army, Navy 
and Air Force. 


two independent converging strips are juxtaposed in a third strip, 
the logical operations AND or OR can be performed by appropriate 
use of the operations of conditional erase and the additional operation 
of unconditional erase; unconditional erase erases two walls regard- 
less of sense. Finally, a method of complementing information can 
be conceived by considering the details of flux closure within a 
domain wall. 


INTRODUCTION 


AGNETIC storage as currently accomplished 
makes use of the fact that if a magnetic domain 
configuration is stable, so is the one which 

corresponds to a reversal in direction of all those do- 
mains. This utilization of two antiparallel directions in 
space of equivalent magnetic stability is common to all 
of the present forms of magnetic storage.such as tapes, 
drums, disks, cores or thin films. However, an essen- 
tially different kind of magnetic representation of binary 
information is possible. The essential point is that for 
any domain configuration the magnetic stability is in- 
dependent of the sense of rotation of the magnetization 
within the domain walls which separate the domains; 
hence, the two possible senses of rotation can be used to 
represent binary information. Furthermore, logical 
operations can be performed by using the fact that if 
two walls of opposite sense are brought together they 
will destroy one another but if of the same sense they 
will form a double wall which can be separated into two 
walls again. 
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PRINCIPLE OF DOMAIN-WALL STORAGE 


The concept of a domain wall in a ferromagnetic ma- 
terial is illustrated in Fig. 1. Domains I and II are 
uniformly magnetized and are separated by a domain 
wall in which the magnetization is rapidly varying in 
direction. Two limiting cases of the spatial variation of 
the magnetization M within the wall are shown in Fig. 
1(a) and 1(b). In Fig. 1(a) M rotates in the plane of the 
wall (Bloch wall’); in Fig. 1(b) the rotation is perpen- 
dicular to the wall (Néel wall?). In either case the 
rotation from domain I to II can be clockwise or coun- 
ter-clockwise, and it is this sense of rotation which is 
being considered here as a medium for information 
storage. Clockwise or counter-clockwise walls will be 
referred to as positive P or negative JN, respectively. 


Fig. 1—Domain walls in a ferromagnetic material. 
(a) Bloch wall. (b) Néel wall. 


Whether or not walls are of the Bloch or Néel (or 
other) type depends essentially on geometry. For ex- 
ample, for films of thicknesses in the region near 200 A 
or 2000 A, the walls are Néel or Bloch, respectively ;? 
for intermediate thicknesses, walls in films may be more 
complicated, as is the case for the well-known “cross- 
tie” wall.4 The following discussion of storage and logic 
is immediately applicable to either Néel or Bloch walls. 
Use of other types of walls is not precluded, but has not 
been considered in detail. 


BAsiIc OPERATIONS 


The simplest utilization of domain-wall coding would 
be in a shift register; thus methods of read-in, shifting 
and read-out are required. The operation AND and 
OR are also conceptually possible so that in principle a 
complete computing scheme is possible. Finally, a 
method for complementing will be described. 


Read-in and Shifting 


In order to be useful as a storage medium, walls of 
known sense must be injected into a magnetic material. 


1F, Bloch, “Zur Theorie des Auslauschproblems und_ der Reme- 
nenzerscheinung der Ferromagnetika,” Z. Physik, vol. 74, pp. 295- 
335; February, 1932. : “ie 

2, Néel, “Remarques sur la theorié des Propriétés Magnétiques 
des Couches Minces et des grains fins,” J. Phys. Radium, vol. life 
pp. 250-255; March, 1956. ‘ 

3S. Methfessel, S. Middlehoek, and H. Thomas, “Domain walls 
in thin Ni-Fe films,” IBM J. Res. and Dev., vol. 4, pp. 96-106; 
April, 1960. F : 

4, E. Huber, Jr., D. O. Smith, and J. 8. Goodenough, “Domain- 
wall structure in permalloy films,” J. Appl. Phys., vol. 29, pp. 
294-295; March, 1958. 
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A method of doing this is proposed in Fig. 2. Fig. 2(a) 
is a top view of a strip of magnetic film magnetized in 
the plane of the strip and perpendicular to the long axis 
of the strip; a magnetic field H is applied locally to re- 
verse the magnetization M between the dotted lines. 
After local reversal two Néel walls of opposite sense will 
have been generated as shown in Fig. 2(b). If H had 
been applied in a direction to cause rotation in the 
opposite direction [dotted vector in Fig. 2(a)], the in- 
jected walls would have opposite senses, 7.e., the N- 
wall would be a P-wall and vice versa. 


Cy Gee a alee eo eas othe Oe 


(i) ful Mate ean ee att 


COUNTER ~ CLOCKWISE CLOCKWISE 
- WA OR P-WALL 


STRIP OF MAGNETIC 
FILM (top view) 


Fig. 2—Injection of Néel walls of known sense into a magnetic 
film. (a) Before injection. (b) After injection. 


If the magnetic strip is thick enough to support 
Bloch walls, it can still be expected that walls of def- 
inite and opposite sense will be created. This is so be- 
cause during the dynamic process of wall formation 
the torque on the magnetization due to His MXH and 
is in a direction perpendicular to the plane of the film, 
1.e., parallel to the plane of a Bloch wall; since MX His 
of opposite sign for the solid or dotted vectors of Fig. 
2(a), the senses of the injected Bloch walls should re- 
verse for the two cases. 

A method of shifting a number of bits along a strip 
is illustrated in Fig. 3. A long magnetic strip is mag- 
netized alternately in an up-and-down pattern of closure 
domains. No information is contained in this regular 
pattern which serves merely to space the information 
which is stored in the sense of rotation of the walls 
(either Bloch or Néel) separating these domains; a 
pattern of information PNNPP is shown in Fig. 3(a). 
The proposed domain configuration may be stable 
enough for operation without further elaboration; 
however, if necessary, a magnetic easy axis perpendicu- 
lar to the long axis of the strip can be introduced to pro- 
vide further stabilization. In fact, it may prove difficult 
to make a film without an easy axis, in which case the 
proposed orientation will be the most favorable one. In 
order to shift the information to the right, local mag- 
netic fields H in the vicinity of the walls and having the 
directions shown in Fig. 3(a) must be provided; a possi- 
ble concomitant magnitude variation of H between 
walls is shown in Fig. 3(b). Application of the shifting 
fields will move the walls to the right to the stable posi- 
tions of zero H as shown in Fig. 3(c). 

Physical realization of the scheme illustrated in Fig. 3 
is difficult since no simple way is available to supply the 
local field pattern required for shifting. A more prac- 
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Fig. 3—Shifting to the right. (a) Shifting to the right. (b) Local 
fields for shift right. (c) Shifted PNNPP. 


Fig. 4—Practical configuration for injection and shifting. 


tical scheme is shown in Fig. 4 which shows the top view 
of a ferromagnetic strip and two windings placed in 
nearby planes parallel to the film plane; the walls are 
now at an angle to the easy axis which is perpendicular 
to the magnetic strip. A pulse of current in winding I 
will provide a local field H perpendicular to the walls 
with a vertical component which will move the walls to 
the right and position them under winding II; a subse- 
quent current pulse in winding II will move the walls 
to the right into position under winding I, etc. . . 


Conditional and Unconditional Erase 


The operation of conditional erase takes advantage 
of the fact that two walls of opposite sense if moved 
together will destroy each other; however, walls of the 
same sense when brought together do not necessarily 
destroy each other, but can form a double wall which 
can subsequently be separated again into two single 
walls. Thus erasure occurs on condition that the walls 
have opposite sense. An illustration of conditional erase 
is shown in Fig. 5. In Fig. 5(a) two similar walls (either 
PP or NN) are brought together and subsequently 
separated by the application of suitable local fields; 
Fig. 5(b) shows the case of two dissimilar walls (either 
PN or NP) which destroy one another when brought 
together. In the practical realization the slanted wiring 
and domain configuration of Fig. 4 would be used. 

Unconditional erase requires that two adjacent walls 
be removed regardless of sense. Thus a field must be 
applied such that the pattern of Fig. 5(a)-Ab is changed 
into that of Fig. 5(b)-Bc. It is clear that considerably 
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(a) (b) 


Fig. 5—The operation of conditional erase. (a) Interaction of 
z PP or Ny newats! (b) Interaction of PN or NP walls. 
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Fig. 6—Fan-out and juxtaposition. (a) Fan-out. 
(b) Junction behavior. (c) Juxtaposed data. 


larger fields will be required for unconditional as com- 
pared to conditional erase, thus providing for an operat- 
ing margin in any practical system. 


Fan-Out and Juxtaposition 


Fan-out is shown in Fig. 6(a). Information in an 
arbitrary pattern of walls is shifted from one strip into 
two parallel strips at a junction as shown; the energy 
required to create the second wall comes from the cur- 
rent in the shifting windings. There do not appear to be 
any conceptual problems associated with this opera- 
tion. 

Juxtaposing data from two input strips A and B into 
an output strip is more difficult [Fig. 6(b)], Since a 
regular sequence of up-and-down carrier domains must 
be preserved, one finds that it is necessary to transfer 
by pairs of bits from 4 or B; the dummy bit a must 
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also be added to keep the carrier sequence correct. In 
Fig. 6(b)-i, the a wall is shown in the process of moving 
into the output strip; note the postulated appearance 
of the wall a’ which appears in order to separate the 
“up” domain on the right of wall a; from the “down” 
domain on the right of wall 6;. In Fig. 6(b)-ii, the ao 
wall is in the output strip and the a’ wall is temporarily 
placed in the B strip. After the transfer of a; from 4, 
a; and @ are in the output and two auxiliary walls a’ 
and a”’ are in the B strip [Fig. 6(b)-iii]. It appears that 
a’ and a’ will be of the same sense regardless of the 
senses of do and aj, and hence that before transferring 
from the B strip a’ and a’’ must be unconditionally 
erased. The situation after three pairs of transfers is 
shown in Fig. 6(c) which shows the juxtaposition of 
bits a@;-b; and by-a>. 


Read-out 


A detailed discussion of read-out will not be at- 
tempted here. Conversion from wall-rotation coding to 
domain-direction coding could be performed by the 
operation of conditional erase between the data walls 
and walls of known sense injected for this purpose. Sub- 
sequent data conversion might be by means of magneto- 
optical effects or voltages induced by domain switching. 

A useful shift register is now conceivable by utilizing 
the operations of read-in, shifting, fan-out and condi- 
tional erase. 

A shift register made from thin magnetic films but 
which uses domain-direction coding has previously been 
described by Broadbent. 


AND and OR 


The logical functions AND and OR (Table I) can be 
performed by the sequence of operations a) juxtaposi- 
tion, b) conditional erase, and c) read-in. The resulting 
wall patterns for all combinations of 0; and a, are 
shown in Table II, which should be compared with 
Table I. Note that the read-in operation must not 
change the pattern P—P or N—N;; this appears possible 
from the conception of the read-in process previously 
described. Note also that the choice of reading in P-N 
or N-P depends on which function (AND or OR) 
is being performed and which wall (left or right) is to 
represent the result. Finally, processing must take place 
on two pairs of bits in order to eliminate the unwanted 
walls in pairs [Table II (d and e) ]. 


Complementation 


Complementation might be accomplished with offset 
strips as shown in Fig. 7. If the correct strip dimension 
and film thickness are used, a Néel wall entering the 
wide region should become two Néel segments in order 


5K. D. Broadbent, “A thin magnetic film shift register,” IRE 
TRANS. ON ELECTRONIC CoMPUTERS, vol. EC-9, pp. 321-323; Sep- 
tember, 1960. 
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Fig. 7—Complementation. 


to minimize the magnetostatic energy associated with 
the wall analogous to the local flux closure generated in 
cross-tie walls. The lower Néel segment is the com- 
plement of the upper, and hence the output will be the 
complement of the input. 
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Cryosar Memory Design* 


R. C. JOHNSTON, MEMBER, IRE 


Summary—The compensated cryosar is a negative-resistance 
two-terminal device utilizing a bulk effect in germanium at liquid 
helium temperatures. Its bistable nature, and the ease with which 
it can be fabricated in large arrays recommend it for application 
to computer memory systems. However, careful consideration of 
device and circuit parameters is necessary if a successful large 
memory is to be achieved. 


INTRODUCTION 
7 | YHE cryosar! is a two-terminal device utilizing 


impact ionization of impurities in germanium at 

liquid helium temperatures. Impact ionization is 
a bulk effect, and elements may be made merely by 
placing ohmic contacts on opposite sides of an appro- 
priately doped germanium wafer. _ 

The current in this device is quite small until a crit- 
ical voltage is reached. At that point the existing free 
carriers gain sufficient energy in the electric field to 
ionize the impurities upon impact.” The voltage then 
remains constant while the current increases by perhaps 
four or five orders of magnitude, at which time all the 
carriers have become ionized and the resistance in- 
creases. If uncompensated germanium is used (having 
only one type of impurity present) a characteristic 
similar to that of back-to-back Zener diodes is obtained 
as shown in Fig. 1. 

A much wider range of applications has been opened 
up, however, with the discovery! that-with compen- 
sated germanium there is a region of negative resistance 
between the high- and low-impedance states, permitting 
bistable operation. This is a current-dependent region 
(see Fig. 1), as opposed to the voltage-dependent region 
of the tunnel diode. : 

The prebreakdown resistance, peak voltage V1, valley 
voltage, and holding current /; are all designable quan- 
tities, being functions of‘ the wafer thickness, the con- 
tact area, and the impurity concentration. The voltages 
scale directly with the thickness, and a cryosar made 
twice as thick has exactly twice the voltages. The hold- 
ing current does not scale with the contact area. The 
current flows in a filament, and the major effect of 
reducing the contact area is a reduction in capacitance 
and prebreakdown conductance. 


* Received by the PGEC, February 23, 1961. 

} Lincoln Laboratory, Massachusetts Institute of Technology, 
Lexington, Mass. Operated with support from the U. S, Army, 
Navy and Air Force. 

1A. L. McWhorter and R. H. Rediker, “The cryosar—a new low- 
temperature computer component,” Proc. IRE, vol. 47, pp. 1207- 
1213; July, 1959. 

2 .N. Sclar and E. Burstein, “Impact ionization of impurities in 
germanium,” J. Phys. Chem. Solids, vol. 2, pp. 1-23; March, 1957. 
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Fig. 1—V-I characteristic of simple cryosars with compensated 
and uncompensated germanium. 


Basic MEMORY PRINCIPLES 


The cryosar, being a simple bistable device, was im- 
mediately considered as a computer-memory com- 
ponent. The ease with which it can be fabricated in 
large arrays makes it well-adapted to the random- 
access memory, which is typically a repetitive structure 
with simple interconnections. A load line can be placed 
so as to intersect the characteristic at two stable points 
as shown in Fig. 1, one at low current and the other at 
high current. The state of this bistable device can be 
changed by pulsing the load line above the peak voltage 
or below the valley voltage. For matrix operation a 
separate load resistance must be in series with each 
element. If a common load resistance were used, ex- 
ternal to the matrix, there would be interaction be- 
tween the elements sharing the load resistance. A com- 
pound version’ of the cryosar has been developed to 
include these series resistors while retaining the ease of 
array fabrication of the simple cryosar. Fig. 2 shows 
the formation of the compound cryosar by sandwiching 
together two dissimilar cryosars. Cryosar A is a com- 
pensated type while cryosar B is uncompensated with a 
high prebreakdown conductivity. There are three posi- 
tive-resistance regions, which are called the ZERO, 
ONE, and TWO (or READ) regions. Since this is a 
bilateral device it has identical characteristics in the 
third quadrant; however, these are not used. By raising 
the break point of cryosar B up quite high or by using 
a linear resistance as element B, a single-break version 
of the compound cryosar may be obtained which has a 
higher resistance in the ONE region than the simple 
cryosar. 


The compound-cryosar characteristics are shown in 


* R. H. Rediker and A. L. McWhorter, “Compound cryosars for 


low-temperature computer memories,” Solid State Electroni 
pp. 100-105; March, 1961, ponte een as toga 
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Fig. 2—The compound cryosar is the series combination 
of two simple cryosars. 


Fig. 3 together with the load line and pulse amplitudes 
as used in a coincident-voltage, nondestructive-read 
memory. The numerical values shown in the figures are 
not fixed requirements, as both the circuit and the 
device designs are flexible, but represent a compromise 
in the factors involved. The operation of the memory 
may be explained with the aid of Fig. 4 which shows a 
cryosar matrix. The word lines are shown beneath the 
wafer, and the digit lines on top. A bias voltage of 
0.5 V7, volts is applied between the word and digit lines. 
Now, if a word line is pulsed with a polarity opposing 
the bias (negatively), any elements in that word storing 
a ONE will be switched to a ZERO as the load line 
goes below the valley point. This is called the CLEAR 
operation. Coincident voltages are used only for writ- 
ing, which is always preceded by the CLEAR opera- 
tion. A word line is pulsed positively, and the digit lines 
are pulsed negatively or not, depending on the informa- 
tion to be stored. The coincidence of the 0.5V; word 
pulse and the 0.2V; digit pulse gives a pulse of 0.7V1. 
Only those elements receiving both pulses are switched 
to the TWO state and come to rest in the ONE state 
upon removal of the pulse. In the READ operation an 
entire word is read at once by application of a positive 
pulse to a word line. Those elements holding a ONE are 
switched into the TWO state and back nondestructively 
to the ONE state. 

The zero-resistance bias load line is necessary because 
any load resistance would be common to all the ele- 
ments on a line, and the bias voltage would be a func- 
tion of the stored information. During pulses, the load 
line has the slope (Rrs+Rrz), where Rrs and Rr, are 
the resistances seen from the memory element on the 
word and digit sides, respectively. The zero-resistance 
bias load line may be supplied by inductances shunting 
Rrz and Rrs as shown in Fig. 4. They may not be 
necessary in actual practice because Rr, and Rrs must 
be quite small for other reasons and the change in volt- 
age with stored information may be neglected in most 
cases. 

It is also possible to make a memory with the single- 
break cryosar of Fig. 3. The concepts of concident write, 
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Fig. 3—Cryosar characteristic and pulse amplitudes as used in 
coincident-voltage, nondestructive-read memory. 
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Fig. 4—An by m cryosar matrix with word and digit lines. 


and nondestructive read still apply. The digit pulse 
would not be clamped by the TWO state and could be 
increased to 0.5Vy, giving decreased switching times. 
The relative merits of the single- and double-break 
cryosar memories will be discussed in detail later. 


EXPERIMENTAL WORK 


The placement of ohmic stripe contacts on opposite 
sides of a germanium wafer has been accomplished 
both by evaporation and by plating. An example of 
this is the evaporated contact, 32 by 32 matrix shown 
in Fig. 5. It is encouraging to note that a 100 per cent 
yield was obtained. The cryosars obtained were of the 
simple type shown in Fig. 1; the compound type shown 
in Fig. 2 requires a more elaborate structure. The ideal 
method is to make a two-layer wafer with the low- 
resistivity layer obtained by epitaxial growth. The 
stripes can then be placed as before. It is necessary to 
etch the epitaxial layer away between stripes to avoid 
stripe-to-stripe conduction on the low-resistivity side. 

Compound cryosar matrices of this type are not yet 
available, so the experimental work was performed on 
5 by 5 matrices with the construction shown in Fig. 6. 
Germanium disks 40 mils in diameter were cut ultra- 
sonically from a low resistivity wafer and alloyed toa 
high resistivity wafer with indium-coated kovar disks. 
Fig. 7 shows the V-J curves for a row of five from the 
5 by 5 experimental matrix. Each curve is displaced one 
division to the right for clarity. The variations in volt- 
ages were found to be within the variation found in the 
wafer thicknesses. 
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The switching speed of the device is measured by 
observing the current waveforms when a rectangular 
input voltage of adjustable amplitude is applied. Fig. 8 
shows the current responses produced by successive 
voltage drive pulses with amplitude changes of 1 db per 
step. The write overdrive in a practical memory is about 
2 db over Vj, giving a switching time of 30 nsec. The 
read overdrive is about 1 db above the second-break 
voltage, giving a 40-nsec switching time. With the 
single-break cryosar, the read operation does not in- 
volve any switching and should have no delay. How- 
ever, it is possible to speed up the switching times by 
using short pulses (say 10-20 nsec). The apparent 


Fig. 7—V-I curves for five double-break compound cryosars, 
(Scale 0.5 v/cm vertically and 0.1 ma/cm horizontally.) 
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threshold voltages are then increased, resulting in a 
faster switching time by a factor of about 3. 

The first system experiments were made on a 16-bit 
memory using 15-nsec pulses and including coincident 
write. Operation was critical with narrow margins. It 
was found that longer read pulses were necessary be- 
cause of the slow switching with low overdrive. Also, 
considerable difficulty was experienced because of the 
destructive reading of a ONE. The compound cryosars 
used had more capacitance than would be encountered 
in a high-density, evaporated-contact matrix, and the 
fall of the read pulse produced a current overshoot that 
switched the element back to the ZERO instead of the 
ONE state. 

The final experiments used a more complex pulse 
pattern, but only on one bit and without the coincident- 
write operation. The pulse pattern, shown in Fig. 9, 
consisted of a burst of read pulses at a 10-Mc rate with 
15-nsec rise and 85-nsec fall times; a clear pulse; 
another burst of read pulses, this time nondestruc- 
tively reading a ZERO; and of a write-ONE pulse. 
Scales are 300 nsec/cm and 1 v/cm for input (top) and 
0.1 v/cm for output (bottom). 

The margin diagram for this experiment is shown in 
Fig. 10. The write and clear pulses were not critical, 
but the read pulse and bias must be in the center region 
for proper operation. The 2 signifies that the cryosar was 
in the TWO state at all times. In the F region the read 
pulse is high enough to falsely read a ZERO as a ONE. 
In the W region the read pulse is too low to switch into 
the TWO state. The D region signifies the destructive 
reading of a ONE. This diagram is only for one bit, and 
the effective diagram for a large memory would be the 
superposition of the diagrams for each bit. Nonuni- 
formity in the breakdown voltages would shift the in- 
dividual center regions and make the composite center 
region smaller. 
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Fig. 9—Memory pulse pattern. Scales are 300 nsec and 1 v/cm 
for input (top) and 0.1 v/cm for output (bottom). 
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Fig. 10—Margin diagram for one bit. 
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CALCULATION OF CIRCUIT AND DEVICE PARAMETERS 


In this section the design of a large-size cryosar 
memory, based on the experimental background pre- 
sented, will be discussed. The circuits considered will be 
of the external decoder type with (m+ n) transmission 
lines into the helium for an m by » matrix. A cryosar 


decoder circuitt has been described which would reduce 


the number of word lines to 2 log, n. However, in- 
sufficient experimental work has been performed on it to 
enable design of a large decoder. 

The design constraints considered first will be those 
based on the V-J characteristic, followed by those 
based on pulse operation, including line termination, 
ONE/ZERO ratio, and power dissipation. There are 
so many variables involved, perhaps 15 or 20, that the 
designs are not unique and must be based on com- 
promises. For instance, the impedance level is set by 
estimating the relative difficulty of making one resist- 
ance (Rrs) low and another (Rj) high. 

The values for the second break and valley points of 
0.7V; and 0.4V; shown in Fig. 3 are approximately 
those of the experimental units, which are quite satis- 
factory. There are two obvious differences between the 
proposed characteristic (Fig. 3) and the experimental 
units (Fig. 7): the negative resistance at the second 
break, and the slope of the TWO state, Rs. A small 
amount of negative resistance decreases the bias mar- 
gins, but increases the output signal and would be ac- 
ceptable. R» is very low, the order of a few ohms for the 
experimental units. Its inclusion at the level of hun- 
dreds of ohms will be shown to be necessary from the 
circuit point of view. Fortunately, this does not make 
the fabrication more difficult. The contact areas in a 
high-density matrix are quite small, and the current 
density can be large enough to raise R2 to the desired 
level. 


From Fig. 3 it is seen that the maximum output signal 
during read approaches 0.3 Vi, since the first 0.2 Vi volts 
of the 0.5 V; input pulse is dropped across Ai. This signal 
is of such polarity as to oppose the bias on the n—1 
elements on the digit line and may switch them to the 
ZERO state. As shown in Fig. 3 the allowable signal is 
0.1 V1, so attenuation must be added to limit the output 
signal to a safe value, 0.05 V1. Then (1) follows: 


Ry 
0.3Vi (Rr: peer 
n—1 


= 0.05V1 = 7 aged) 
1 
Rrs + (Rr: ) + Ro 
n—1 


The vertical lines mean that the two resistances are to 
be taken in parallel. Rrz is shunted by the unswitched 
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elements on the digit line, which are taken to be in the 

ONE state with resistance R; to ground. Rrs and Rrz 

are again the resistances seen from the matrix on the 

word and digit sides, respectively, as shown in Fig. 4. 
Equations relating to Fig. 3 are: 


Lys LU 8 A, (2) 

Dy Dh een YS (3) 
0.3Vi 

1= mers fe : (4) 


The manimum value of J; is dictated by the proper- 
ties of the material and is the least designable of the 
cryosar parameters. Eq. (3) insures a usable ONE 
region while (4) relates the slope of the line and its end 
points. Combining these equations gives 


Re HS SK WO (5) 


The SNR due to sneak-path noise may be obtained 
from the equivalent circuit shown in Fig. 11. The worst 
case occurs when a ZERO is to be read out while the 
remainder of the memory is in the ONE state. A word 
line is pulsed, and all the digit lines but one have ONE 
output voltages. These are unfortunately fed back up 
through the matrix and induce a voltage on the non- 
selected word lines, which in the practical case cannot 
be kept shorted out. Similarly, these voltages are fed 
back down through the matrix and induce a voltage in 
the digit line on which a ZERO is to be detected. An 
equation for the ONE to ZERO ratio may be simply 
derived from the figure if it is assumed that each resis- 
tive divider does not load the previous divider. Also, 
and m are taken to be much greater than one. The 
ZERO voltage is a direct term from the cryosar in the 
ZERO state plus a term representing that fraction of 
the ONE voltage fed up to the word side and back down 
to the digit line. 


0.5ViRrz 
ZERO = 
Ro + Rez 
TS ( Akane 
ONE (6) 
= Ry Ry 
—+Rrs||—+Rri 
R m-{ CRYOSARS 


IN ONE STATE 


ONE 
OUT 


Fig. 11—Equivalent circuit for sneak-path noise. 
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If Ro is large, the direct term may be dropped. If 
Rrz is made large with respect to Ri/n then the last 
factor goes to one and all the attenuation is obtained in 
the first resistive divider. Eq. (6) then gives quite rea- 
sonable and unrestrictive values for Rys and Rr,. How- 
ever, there are other considerations which lower the 
permissible values for these parameters. The word-line 
impedance Rrs must be small so that the load seen by 
the driver when reading all ONES does not affect its 
output voltage. 

Suppose a transmission line is terminated in its char- 
acteristic impedance Zp in parallel with a variable load 
Ry. The voltage at the load will be less than the source 
voltage as given in: 

Vir= iodides Vs. (7) 


Zo 
Le 
2Rz 


If Rz is required to be greater than Zo, the variation in 
V_ is limited to +20 per cent. For the present problem 


ceptually difficult. In addition to the steady-state 
power P,, the losses under the worst case condition of 
continuous write must be added to obtain the total 
power P. 

The design procedure is to assume values of Ki, 2, 
and m: calculate Rrz from (8); assume Rrg [keeping 
below the upper bound given by (6)]; calculate R, 
from (9); check the signal against (1); calculate Vi 
from (5); and finally check the power dissipation 
against the available cooling power. The results of two 
such calculations are shown in Table I, in the “double- 
break, normal” columns. The assumed values not men- 
tioned are signal/noise=4, minimum line impedance 
=2Q, I;=1 ya. The major portion of the dissipation 
occurs as dc power when all ONES are stored. The re- 
mainder is pulse power during worst-case conditions of 
continuous write with most of the power lost in the 
nm cryosars subjected to the digit pulses. All pulses are 
assumed to have a duty factor of 4, with write pulses’ 
alternating with clear pulses. 


TABLE I 
RESULTS OF EIGHT MEMORY DESIGNS 
Double Break Single Break Double Break Single Break 

Normal Isolator Normal Isolator Normal Isolator Normal Isolator 
Ry 20K 20K 20K 20K 20K 20K 20K 20K 
n 1024 1024 1024 1024 512 512 512 512 
m 256 256 256 256 64 64 64 64 
Rrx (8) 10 10 and 100 10 10 and 100 20 20 and 100 20 20 and 100 
Rrs (6) <120 <84 <120 <84 <460 <340 <460 <340 
Rrs (9) D8 25 40 40 10 10 150 150 
R? (9) 1250 1250 — a= 1250 1250 — — 
Signal (1) 1.6X10-3V, | 4.0X10-3V, | 10-4*V, 2.5X10-4Vi || 4.0K10-3V, | 6.8X10-3V, | 2.5X10-4*Vi | 4.3X10-*N 
V, (5) 0.3 0.3 O23 0.3 0.3 ORS 0.3 0.3 
Ps, watts 9.41072 9.41072 9.4X10-2 | 9.4102 ens: 1210 1-21 052 1,2:61032 
IP 0.131 0.166 0.136 0.136 0.015 0.020 0.015 0.015 


Ry is identified with the resistance looking into the 
matrix on a word or digit line. The impedance looking 
into the drive lines from the matrix, Rrz or Rrs, is 
1/2 Z, for the transmission line case above, since the 
line appears in parallel with its terminator. Substitution 
of these identities into the inequality Z)< Ry, gives 


Ry 


n—1 


2Rrr < ) (8) 


Ry 
Ro. + | Roz 
n—1 
2Rrs < . (9) 


m—1 


and 


No attempt is made to avoid loading of a digit line by a 
cryosar in the TWO state. The feed-through of the 
word pulse may even change the polarity of the voltage 
on the digit line, but no harm is done as the cryosar is 
already switched. 

The calculation of the power dissipation in the helium 
is tedius because of the many terms, but it is not con- 


The calculated power dissipations are reasonable 
and well within the capabilities of existing or proposed 
closed cycle helium liquifiers. The lowering of Rrs and 
Rrx below the levels demanded by sneak-path noise is 
unfortunate and results in an output signal much lower 
than initially hoped for. However, the output is single 
ended and an extra stage or two in the sense amplifier 
could produce an adequate signal with good ONE/ 
ZERO ratio. 

A circuit that allows Rrz to be large when driven 
from the memory side and small when driving the 
memory is shown in Fig. 12. A simple, uncompensated 
cryosar is added on each digit line as an isolator. This 
scheme enables more freedom in choosing Rrz, and 
Rrg and gives more signal output. The higher value of 
Rrx should be used in (1), (6), and (9), while the lower 
value is used in (8). The results are shown in Table I 
in the “isolator” columns. 

Designs using the single-break cryosar are also shown 
in Table I. Ry and R: are set equal in this case. 

The shunt capacitance of cryosar B (Fig. 2) must be 
low because it causes an overshoot during removal of 
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COMPOUND 
CRYOSAR 
200 2 
TO 
SENSE 
AMPLIFIER 
ene FROM 
IMPL DIGI 
UNCOMPENSATED SuLeen 
CRYOSAR 20 


Fig. 12—Isolator circuit for Rrz of 10 and 100 ohms. 


the read pulse that may reduce the current in the A sec- 
tion of the compound cryosar below the critical level J; 
causing the element to switch to the ZERO state. Given 
values of a 10 nsec fall time, a maximum current over- 
shoot of 2 wa, anda V; of 0.3 v, then the limit on C3 is 
about 0.13 pf. The same limit also applies to the shunt 
capacitance of R; of the single-break compound cryosar. 
Note that these are not shunt capacitances to ground, 
which can be much higher as they are in parallel with 
the line terminators. 


CONCLUSION 


The interest in this device for a computer memory is 
based on the following considerations: 


1) The device may be switched with pulses the order 
of 10-nsec width. 

2) Very high element densities are foreseen as there 
is no design penalty paid for decreasing the dimen- 
sions. 

3) Memory planes, complete with wiring, could con- 
ceivably be fabricated in one step with good uni- 
formity. 


Johnston: Cryosar 
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It is impossible to anticipate every difficulty in the 
building of the first large cryosar memory in such a 
paper design as this. However, there is sufficient flexi- 
bility in the device and circuit parameters to allow the 
probable success of such a large-scale program. 

There are many details which have not been men- 
tioned. If the realization of transmission lines of very 
low and high impedances proves impractical, trans- 
formers or resistive pads will have to be used and the 
extra power dissipation accounted for. The heat con- 
ducted by the transmission lines must be considered 
also, but this could be reduced by the addition of ther- 
mal isolators in the lines. 

The calculated values for R; and Cz are stringent, but 
it is felt that they can be attained with the use of thin 
wafers and stripe densities of hundreds to the inch. Uni- 
formity would be helped by such densities also. 

The eight design cases in Table I may be compared 
by observing the figures for ONE signal. It appears that 
the double-break gives a signal improvement of 16 over 
the single-break cryosar; the isolator circuit gives an 
increase of signal of about two over the normal circuit; 
and the factor of eight decrease in size of the smaller 
memories gives a signal increase of 2.5. The reason for 
the double-break cryosar is now apparent. Of course 
this increase in signal must be weighed against the added 
fabrication problems of the double-break cryosar ma- 
trix and its probable slower speed in the read operation. 
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A Method for Resolving Multiple Responses 


in a Parallel Search File* 


E. H. FREI}, MEMBER, IRE AND J. GOLDBERG, MEMBER, IRE 


Summary—It is possible to build memories in which the con- 
tents of all registers are tested simultaneously, and in which there is 
a single indication of the presence or absence of any number of posi- 
tive responses to the test criterion. A method is described for sepa- 
rately identifying the members of a set of responses by presenting 
sequences of tests which generate an identification number for each 
member. The testing algorithm is easily mechanized, and the num- 
ber of tests required per item is approximately proportional to the 
logarithm of the number of file registers. The method also may be 
used to search for items with contents falling within arbitrary 
numerical ranges. 


INTRODUCTION 


HERE HAS been recent interest in memories of 
“see construction, in which an item is found 

on the basis of part or all of its data content, and 
in which the search is conducted simultaneously on all 
items in the memory. Among the adjectives used to de- 
scribe this structure are “Catalog,” “Associative,” and 
“Content-Addressed.”!~ In many applications there is 
a possibility that several items will satisfy the search 
criterion. For simplicity of construction, it would be 
desirable to provide only a single indication as to 
whether or not any matching items are present, pro- 
vided there were some means of identifying the respond- 
ing items individually. 

The purpose of this paper is to describe a relatively 
simple method for resolving the multiple responses of 
such a memory, or file, using only a single indicator for 
the entire file. The method is economical in time and 
storage space, and does not require that the memory be 
alterable. 


FILE STRUCTURE 


The file is assumed to be made of a number of identi- 
cal registers containing binary data. An interrogation 
is applied to all registers simultaneously, via a set of 


* Received by the PGEC, May 3, 1961. The work reported in 
this paper was sponsored by the Storage and Retrieval Sect., Rome 
Air Dev. Ctr., under Contract AF 30(602)-2142. 

+ Weizmann Institute of Science, Rehovoth, Israel. 

t Stanford Research Institute, Menlo Park, Calif. 

1A, E. Slade and H. O. McMahon, “The cryotron catalog mem- 
ory system,” Proc. Eastern Joint Computer Conf., December 10-12, 
1956, New York, N. Y., vol. 18, pp. 115-120. 

2 R. R. Seeber, Jr., “Associative self-sorting memory,” Proc. 
Eastern Joint Computer Conf., December 13-15, 1960, New York, 
N.Y., vol. 18, pp. 179-188. 

3G. G. Stetsyura, “A new principle for the construction of a 
memory device,” Dokl. Akad. Nauk SSSR, vol. 132, pp. 1291-1294; 
June, 1960. 

4J. Goldberg, “Binary Tests for Two Terminal, Simultaneous 
Action Data Retrieval Machines,” Stanford Res. Inst., Menlo Park, 
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30(602)-2142; 1960. 
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memory system,” IBM J. Res. and Dev., vol. 5, pp. 59-62; January, 
1961. 


terminals, one for each bit of the standard register. Each 
terminal may be driven to one of three states—0 and 1, 
corresponding to the binary variables in the data regis- 
ters, and X, the “don’t care” state. The file output ap- 
pears at a single terminal, which assumes two states, 
indicating whether or not there is at least one register 
in the memory whose contents “match” the data on the 
input terminals. In principle, the output indication ap- 
pears immediately after presentation of the interroga- 
tion. There are several possible rules for determining 


the “match” operation. One simple rule is that of iden- | 


tity between the corresponding bits of the search and 
data patterns. Another important possible rule is pat- 
tern inclusion, 7.e., a data register’s contents “match” a 
search pattern if there is no bit place at which the data 
bit is 0 while the search bit is 1. The appearance of the 
X state at an iput bit position removes that position 
from any test, thus permitting the test to be made on 
any desired portion of the data field. 

It is further assumed that a fixed part of each register 
is devoted to a unique serial number which identifies 
the register. This number is encoded in simple binary 
code, and it is further assumed, for convenience of ex- 
planation only, that there are no gaps in the enumera- 
tion. Actually, any coding scheme whatever may be em- 
ployed. The method to be described will generate sep- 
arately the serial numbers of the responding items, but 
the order will be that given by interpreting the patterns 
as simple binary numbers. In many binary-coded-deci- 
mal codes, the numbers will appear in natural order. In 
any case, there need not be any correspondence between 
serial number and physical position in the file. 

Finally, it is assumed that the test on the serial-num- 
ber subfield is on the basis of identity, with possible 
“don’t cares,” but that the data subfield may be tested 
by any suitable rule. 

In searching for matching items, the user of the mem- 
ory will first present the search pattern of interest to 
the “data” subfield, with the “serial-number” subfield 
entirely set to the “don’t care” state. If the output sig- 
nal indicates that at least one matching item has been 
found, the user will proceed to identify the serial num- 
bers of the several items by means of a sequence of 
tests on the serial number subfield, each time repeating 
the contents of the data subfield. 


RULES FOR TESTING SERIAL NUMBERS 


A desired serial number will be generated bit by bit 
in a sequence of alterations and tests. There are two 
modes of searching, Mode A and Mode B. The first 
item in a set of multiple responses will be found by using 
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Mode A. Each successive item is found by applying one 
Mode-B sequence followed by one Mode-A sequence. 
The rules will be described by reference to a serial-num- 
ber field of 2-+-i binary digits (d,, dai, > + , di, do) 
with do the least-significant digit. It should be under- 
stood that the entire field of digits is tested as a whole, 
both serial number and data, and that digits which are 
not mentioned explicitly are assumed to remain in their 
previous state. 


Mode A 


At the start of any Mode-A sequence, there will be a 
continuous string of X (“don’t care”) symbols, starting 
from the least-significant digit, e.g., dsd4X X XX, which 

represents the range of numbers d;d, 0000 to dsd, 1111 
’ (ds and d, will be given by a preceding Mode-B search). 
On the first test of a search, all digits will be X. 

Mode A proceeds by setting the X digits to 1, one at 
a time, starting from the most-significant X digit, and 
testing the file for the resulting pattern, e.g., dsd41X XX. 
If the test is positive, the trial 1 is preserved in the next 
pattern; if it is not positive, the trial 1 is changed to 0, 
é.g., if dsd41X XX fails, the next test pattern is d;d,01X X. 


ASSUME ALL d = xX 
SET k $n 


d,—>o he TEST FILE 


k = 
FINISH 


Fig. 1—Flow chart for test procedure. 
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When all X’s have been removed, the resulting num- 
ber is that of the highest-numbered responding item in 
the given number range. The testing now proceeds in 


Mode B. 


Mode B 


Mode B starts with a complete number which con- 
tains no X symbols. In successive steps, it establishes 
continually lengthening strings of X symbols, starting 
from the least-significant digit, but each string is 
headed by a 0 symbol. 

On the first test of a B sequence, if the least-signifi- 
cant digit is 1, it is changed to 0, and the resultant pat- 
tern is tested. It may be accepted as a new responding 
item. Whether or not it is accepted, a new B sequence is 
started. The next test pattern is established by chang- 
ing the least-significant 1 digit to 0, and all lower digits 
to X. For example 010110 is followed by 01010X, 
1100XX is followed by 10X XXX, etc. 

If a new B pattern is accepted, a range of numbers 
containing one or more new responding items has been 
found, and the testing changes to Mode A. If no new B 
pattern is accepted, 7.e., if, ultimately, OX XX XX is re- 
jected, the search is ended. 

A more exact description of the testing procedure is 
given in the flow chart of Fig. 1. 

The behavior resulting from the rules given in the 
flow diagram may be visualized more conveniently by 
reference to the diagram in Fig. 2, which might be 
called a “decision tree.” Here, all the sixteen numbers 
given by a field of four bits are arranged as terminals of 


pqrs 
Aa 
1110 
110] 
| 100 


poo 


Fig. 2—Decision tree. 
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a graph. If the upper-branch path at a node is labeled 
1 and the lower path is labeled 0, the number at the 
right-hand end of a path is given by the sequence of 1’s 
and 0’s corresponding to the labels of the path connect- 
ing it to the source node 7. The successive levels of 
nodes are labeled p, g, 7, and s, corresponding to the bits 
of the serial numbers. Several branches on Fig. 2 are 
labeled in the form 10X_X, which in this case indicates 
that all numbers having the leading bits “10” belong to 
the branch. 

As an example, assume that there are two responding 
items, with serial numbers 1011, and 0101, respectively 
(marked with asterisks). Mode A of the testing rules 
may be visualized as a trial of successive branches, mov- 
ing left from the source node 7, in which the 7 branch 
is always preferred. 

The first test, at level p, consists of trying the upper 
branch first, thus the first test pattern is 1X XX. The 
resulting positive answer leads to a trial of the pattern 
11XX at level g. The resulting negative answer indicates 
that branch 10XX must be followed, so that the next 
test may be 101X, etc. The arrowheads in the upper 
section of the tree show the path followed in finding 
1011, in Mode A. 

After a number is found, Mode B is employed to de- 
termine the next lower branch containing a response. 
The next number range tested is, in this case, the single 
number 1010, exhausting the branch 101X (the succes- 
sive ranges tested by B are enclosed by dotted lines). 
Following this, the entire branch 100X is tested, ex- 
hausting the entire branch 10XX, and hence, 1XXX. 
Thus, the next branch tested is 0X X_X. Here, the num- 
ber 0101 causes a positive response on the test of 
branch OX XX. Mode A may now be employed to find 


the largest number in that branch. The branches fol- 


lowed are marked again by arrows. 

The sequence of tests for this example is summarized 
in Table I. 

The rules given may be implemented in automatic 
digital circuitry and, in fact, were quickly set up on a 


TABLE I 
TEST SEQUENCE FOR FINDING NuMBERS 1011 AND 0101 


Test Number Test Pattern eae r Mode 
1 1XXX yes A 
2 REXeXG no 
3 101X yes 
4 U (Qables yes 
5 1010 no B 
6 100X no 
7 OXXX yes 
8 O1XX yes A 
9 011X no 

10 010X yes 
11 OO} yes 
19) 0100 no B 
1) OOXX end no 
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laboratory switching-network tester at Stanford Re- 
search Institute, by Dr. B. Elspas. 


GENERAL PROPERTIES OF THE TEST 


Mode A may be recognized as a form of the familiar 
binary search test commonly employed in searching 
lists, z.e., the list is halved, the proper half is chosen and 
halved, and so on, until a point is isolated. In this in- 
stance, since responses may occur in both halves of a 
number range, the higher-numbered subrange is pre- 
ferred arbitrarily. In Mode A, this preference is ac- 
complished by trying each new subject digit as a 1. 

Mode B is novel, and it is essential, since repeated 
application of Mode A would simply produce the same 
number. Mode B acts to ignore serial numbers larger 
than that present at the start of Mode-B test, since it 
never causes a digit to be changed from 0 to 1. Mode B 
does not find an explicit serial number but rather deter- 
mines quickly the next-lower number range (of a size 
which is an integral power of 2) which contains one or 
more responses. Application of Mode A to this range 
then extracts the highest-numbered entry in the range, 
and so forth. Examination of the example will show that 
each new trial “number” in Mode B defines and tests a 
range which is contiguous to the previous range. 

The result of successively alternating applications of 
those two rules is to produce the serial numbers of 
matching registers in monotonically decreasing order, 
each number appearing at the end of a Mode-A se- 
quence. 

Dual rules A’ and B’ exist, which produce the serial 
numbers in monotonically increasing order. There is no 
basis for preferring one order to another unless there is 
prior knowledge about the clustering of responses at one 
end of the number range. 


NUMBER OF TESTS REQUIRED 


The number of tests required to identify the separate 
responses depends upon the number of responding items 
and upon the distribution of their serial numbers in the 
number range. A test is needed for each change of X to 1 
in the A Mode, and for each change of 1 to 0 in the B 
Mode. For an -bit serial number, if there is only one 
responding item, m tests will be needed to find the num- 
ber, and from zero to m tests to determine that there are 
no more items, for an average of (3/2)n tests. For sev- 
eral responses, the average number of tests per response 
drops quickly. Study of several distributions suggests 
that the maximum number of tests for » responding 
items is +1. Thus the number of tests required to 
exhaust the file varies with the number of matching 
items times the logarithm to the base 2 of the number 
of file items, rather than directly with the number of 
file items, as in a serially searched file. 

It is possible to calculate exactly the number of tests 
required in the event that all file items respond. Al- 
though the situation is unrealistic, the number is of 
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interest as a lower bound. The number may be found 
by induction, as follows. 
Consider the table of tests in Fig. 3(a). This sequence, 
; labeled S:, will result from a search on a 2-bit number 
field in the event that all four numbers respond, but 
without @ priori knowledge that all will respond. Fig. 
1(b) is the sequence, labeled S;, required to exhaust a 
3-bit field. It may be noted that the sequence S, is em- 
bedded twice in S;, as shown schematically in Fig. 3(c), 
with the addition of the two terms 1X ---X and 
OX - - - X, which distinguish the two appearances. The 
sequence for four bits S; again contains two appearances 
of the 3-bit sequence, each with a “heading.” The num- 
ber of tests on a field of m bits may be expressed by a 
finite difference equation, obtained by induction from 
the above illustration: 


F(n + 1) = 2F(n) + 2, 


where /(m) is the number of tests on a field of bits. Us- 
ing the boundary condition that F(1) is 2, the solution 


is 
F(n) = 2"*! — 2. 


Since the number of items retrieved in this limiting 
case is 2”, the average number of steps per item is 
F(n)/2", which is about 2, and it is essentially inde- 
pendent of the number of bits. 

Fig. 4 is a curve of the average number of tests per re- 
sponse vs the number of responses, for a field of five bits. 
The points shown encircled are known exactly, 1.e., the 
extreme cases of one response and all responses. The re- 
mainder of the points were obtained experimentally, 
from a number of reasonable, hypothetical distributions 
of item numbers. 


APPLICATION TO SIZE TESTS AND INTERVAL 
SEARCHING 


The testing method described above was presented as 
a means of searching the serial-number field of a file. If 
the data field contains numbers (in addition to or in- 
stead of names), Modes A and B may be applied for 
testing the size of such numbers relative toa given ref- 
erence number. 

To determine if there is any file entry some segment 
of which has a numerical value less than a given refer- 
ence number, a Mode B search is followed, starting first 
with an identity test on the given reference number (all 
of the field except the segment of interest is set to 
“don’t care”). For example, if the reference number is 
—101—, and there occurs in the file the value —011—, 
the testing and file responses will be as follows: Mode B: 
—101— negative, —100— negative, —0X X— positive. 

The particular value present now may be found using 
Mode A. If all file items satisfying this test are desired, 
the serial-number field may now be tested as described 
previously, each time setting the data field pattern to 
—_o0XX—. Of course, if there were no file entry with a 
numerical value less than —-101—, the B search would 
have determined this fact in the usual manner. 
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To determine if there is a file entry with numerical 
value greater than a reference value, the dual of Mode 
B’ is used, 7.e., Mode B’ is followed interchanging the 
roles of 1 and 0. For example, if the reference value is 
—010—, and —110— is in the file, the test sequence is 
as follows: Mode B: —010— negative, —011— nega- 
tive, —1X X— positive. 

To determine whether there is a number present 
which lies between any arbitrary limits (the limits need 
not appear explicitly in the file) the following procedure 
may be used: 1) Test for the presence of the upper limit, 
2) Generate the next lower number present, using rules 
B and A as above. If the number found is smaller than 
the lower limit, the interval clearly is empty. Deter- 
mination as to whether the number is smaller than the 
lower limit may be accomplished either by an external 
arithmetic unit, or by providing a special register in 
which the lower limit may be stored, and which is inter- 
rogated together with the file. In searching for numbers 
less than the upper limit, the appearance of the number 


S2 S3 S3 Sq 
1X |XX ox Lee 
1 11x | | 
10 Lit | 
ob 110 I} So oe 
O| OX | 
00 101 | l 
100 ] O Xxx 
OXX Onxex ) 
O1Xx O 
Ol! fo) S3 
010 O| So 
00x ) 0 
00 | fo) 
000 ) 
(a) (b) (c) (d) 


Fig. 3—Test sequences for 2-, 3-, and 4-bit 
fields all items responding. 
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Fig. 4—Average number of tests per response 
vs number of responses. 
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held in the special register, 7.e., the lower limit, signals 
the end of the search. 


CONCLUSIONS AND ALTERNATIVES 


The testing method presented permits efficient and 
rapid resolution of a set of responses to an inquiry of a 
parallel-search file in which only a single sensor of pres- 
ence or absence of matching items is available. The 
number of tests required is proportional to the loga- 
rithm of the number of file items, rather than to the 
number of items, as in serial searching. 

If a bit in each file item were subject to rapid change, 
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the testing method could be simplified. After an item 
is isolated, the bit could be set, serving to exclude the 
item from further tests, so that only Mode A would be 


necessary. 
If a number of sensors are used, the file could be sub- 


divided in several ways,® but there still remains the 
choice of whether a file subdivision will be searched in a 
serial or a parallel mode. 


ACKNOWLEDGMENT 


The authors would like to thank M. W. Green and 
R. C. Minnick for their helpful suggestions. 


Drum Organization for Strobe Addressing 
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Summary—lIn strobe addressing, a pulse from the memory drum 
or disk forces the control unit to accept a program word. Strobe 
addressing for drums or disks costs less than 20 per cent of con- 
ventional addressing for real-time control programs, but becomes 
impractical for very complex problems. 

A comparison of various forms of strobe and conventional ad- 
dressing shows that simple strobe addressing uses the memory as 
efficiently as conventional addressing if the problem can and must 
be solved in one revolution. By interlacing instructions with complete 
freedom for the program to switch interlaces, a strobe-addressed 
drum appears to have as many parallel bands as it has interlaces, 
thereby extending the advantages of strobe-addressing to more com- 
plex problems. Only minor changes in the program memory are 
necessary, and the arithmetic element and control unit remain 
essentially unchanged. 

The irregular interlace organization is described for an airborne 
computer with an 8-fold interlace, and its effectiveness is evaluated. 
In a test problem, this method reduces the size of the required 
memory by a factor of four and increases the effective computing 
speed fourfold. 


I. INTRODUCTION 


NE OF THE critical characteristics of a com- 
Ore is its economy, the work it performs per 

unit cost. “Cost” is used here in its broadest 
sense meaning not only the dollars of initial expenditure, 
but also such penalties as size, weight, maintenance, and 
unreliability. Two factors determine computer econ- 
omy: computing speed and the number of components. 
Broadly speaking, a faster computer can perform more 
work, but more components make it more expensive. A 
good computer design aims toward a high utilization of 


* Received by the PGEC, July 22, 1959; revised manuscript 
received, November 10, 1960. 
+ Hollander Associates, Consultants, Box 2276, Fullerton, Calif. 


all its components so as to maximize the economy, the 
work per unit equipment. 

This paper describes a method for increasing the ef- 
fective computing speed of a drum computer with a 
concomitant reduction of the drum size through the 
combination of several simple measures that are inef- 
fectual separately. For computers carried in aircraft 
where each pound of load may represent an additional 
$500 initial cost,! the new memory organization raises 
the economy of the computer both through increased 
speed and through lower cost. Although a specific air- 
borne computer serves as illustration, the method can 
be useful for other drum or disk computers. 


The Problem 


The program memory of an airborne computer ac- 
counts for about half its weight, which makes it a prime 
target for “cost” reduction, especially if the perform- 
ance can he retained through unusual organization. For 
high utilization, without the cost of a large random- 
access memory, the computer should be programmed 
for minimum (or zero) access delay. Since, in contrast 
to scientific and business problems, real-time problems 
such as aircraft control have a long fixed program but 
only a few operands (data), it is economical to provide 
a small random-access memory for the data. Since the 
program is executed in a largely predetermined order, it 
could be placed in a single long band if this does not 
lower the duty cycle of the computer too much. This 
reasoning led to strobe addressing in the C-1100 com- 


1G. L. Hollander, “Real-time airborne digital x 
Instr. Soc. Am., vol. 5, pp. 29-30; 1958. atapytaas Nad 
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puters—a series of parallel general-purpose computers 
- with typical execution times of 15 usec for addition and 

60 usec for square-root. 

How does strobe addressing differ from conventional 
memory organization? The conventional way to locate 
a sector on a drum or disk is to count synchronizing 
(clock) pulses and compare the counter contents with 
the address register. But the counter, address register, 
and comparator can be eliminated—without serious pro- 
gramming restrictions on problems coded for minimum 
access delay—by forcing the control unit to use each 
order or constant when the memory produces it. The 

-memory slots in this system have no address number; 
_ and instead of incrementing a counter, each pulse in the 
~ synchronizing track strobes a valid instruction to the 
control element. To retain the ability to branch, a few 
control flip-flops can, on command, conditionally dis- 
able the control element. The memory is strictly serial 
by word (though parallel by bit). Alternative routines 
or other program-segments are selected by performing 
or ignoring a group of instructions, but the computer 
waits idly when instructions are ignored. For simple 
q applications, strobe addressing proved to be best; the 
_goal of this study is to extend it to complex problems 
_ by eliminating certain shortcomings. 

The shortcomings for complex problems can be 
illustrated with a simplified practical example. Table I 
summarizes some typical tasks for computers in mili- 
tary aircraft. As any phase of the flight requires fewer 
_ than half and often only a quarter of the thirteen rou- 
~ tines, computers with a strictly serial program memory 
- are idle most of the time, so that the over-all perform- 
ance is slow compared to their high arithmetic speed. 

_ As with any noninterlaced serial memory, minimum- 

latency programming precludes sharing of subroutines; 
_and critical routines to be executed more than once per 
~ revolution must be duplicated. These added routines 
_ increase the store size and its access time, forcing even 
~ more duplication. As more alternative routines (for ex- 
fd ample, several navigation methods) are added, this 
- cumulative interaction causes the store size and access 
time to increase at least as the square of the complexity 
_of the problem, so that the basic serial memory ap- 
_ proach becomes uneconomical for problems more com- 
plex than Table I. Finally, the inability to address a 
Z specific location complicates nesting of program seg- 
_ ments and precludes utilization of the vacant slots for 
-nonoptimum programs. ) 
Conventional measures,’ short of using a large ran- 
~ dom-access memory, provide no solution. Strobe ad- 
' dressing already implies minimum-latency program- 
~ ming. Although, in general, fast-access loops shorten the 
v4 


ay 


s 


-- 2G_L., Hollander, “Transac C-1100: ee computers for 
airborne and mobile systems,” IRE TRANS. ON AERONAUTICAL AND 
_ NAVIGATIONAL ELECTRONICS, vol. ANE-5, pp. 159-169; September, 


1958. * 5 hey 
2 3D. D. McCracken, “Digital Computer Programming, Jehn 


_ Wiley and Sons, Inc., New York, N. Y., pp. 228-230; 1957. 
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TABLE I 
TypicaL TASKS OF A CENTRAL COMPUTER IN AN AIRCRAFT 


NAVIGATION 


ROUTINES 


FLIGHT 
PHASE 


WARM UP 

PREFLIGHT CHECKOUT 
TAXI 

L 
TAKE —OFF 

= 
CLIMB 

CRUISE NAV, AIDS 

(WAY-POINT) 


NO 
NO- * " — (CHECK-POINT) 
STRIKE 
DEFENSE 
LAND 


access time to selected data, in the C-1100 the small 
(64-word) core memory already fulfills this function. 
Multiple drums or data bands cost and weigh too much. 


Highlights of the Solution 


Serial programs in the same data tracks can be made 
to appear parallel to the computer, if many properly 
interlaced instructions are available from the drum in 
the execution time of one order. Instead of the at-least 
quadratic increase of storage size and access time with 
problem complexity in the serial memory, storage in- 
creases only approximately linearly and access time re- 
mains almost constant through the apparent parallelism. 

In a practical problem about twice as complex as 
Table I, this interlacing can increase fourfold the effec- 
tive computer speed over simple strobe addressing with 
a fourfold reduction of the memory size, so that the in- 
expensive serial memories remain economical. Higher 
computer speed is attained by allowing the computer a 
higher duty cycle. A smaller memory suffices as vacant 
slots and program duplication can be avoided. The 
arithmetic speed of the computer remains the same; the 
change in the control section is minor. 


Scope of the Paper 


The next section describes various methods of strobe 
addressing and then compares them with conventional 
addressing on the basis of cost and memory utilization. 
Section III describes the interlaced strobe address or- 
ganization. The gain in computer speed and memory 
size are evaluated in Section IV. 


II. CoMPARISON OF ADDRESS TRACK ORGANIZATION 


In many computers the memory organization deter- 
mines the computer economy. In large-scale business 
systems, most of the cost and time is invested in mem- 
ory components and reshuffling of data in the memory. 
In airborne computers approximately half of the weight 
is in the program memory. 
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TABLE II 
COMPARISON OF MEMORY ORGANIZATIONS 
Relative 
Amount of Hardware Memory Cost Factors Memory Cost Per 
Chace Utilization Word in 
yy Address & Control Data Formula Example Example 
6 
2 | 3 ‘a 8% 
oe io 5 oe cs s a 
~ 
Memory Organization and g * 3 S are ie 5 5 > 5 
Address Method 2 ial |[ee g wi as Be EI 3 a z g 
Soe nee ty fete Sees Ce gale = Ss laa tues g 
a eg [we]! oO y od Se Bi yy i Sg LO I D Ss 
es) a 3 wa =I =| s 
2 8 |G] g o S| Ben Ss noe 3 a Ep 5 E 2 Ee 
eee a oo toe eet Loe eta sya Mieco g 2 Be tos jog a peas 
6 Rs} 3S 2 Rc} {e) °0 oa [o} beh=irot u 8 a a a2 ~ ae fo 
6 6 |as| s 6 2: 3 6 PSH 3 3 es) i) Rie) = Raiie) = 
Za 2 Neel Ze eee |e et O.8 Zl nee z fal < as Mie ek Frag 
! Full Address 1 1 if n n n 0 d d 3n 3d 36 96 0.6 0.8 160 120 
te 
oo 
z6 Clock Track & Counter] 1 1 1 1 1 n n d d 2n +2 3d 26 86 0 0.8 140 110 
s) e Multiple Data Bands 1 m \1/m 1 1 n n md | (1+.2m)d 2n +2 1.4md+2d| 26 264 0.7 0.8 380 330 
Single Strobe Track 1 1 1 1 1 il 1 d d 4 3d 64 0.6 0.6 110 110 
& | Program Interleave 1 1 1 2 1 1 2 d d 6 3d 66 0.6 0.9 | 110 70 
I) 
# | instruction Interlace | m | 1 |1/m| m |1+1m| 1 |1+Hogm]| d d 1.1m +6* 3d 15. |b 7504| Ole le Ose eed 10m| eo 
Selector Tracks m 1 1/m| p i SesilyD 1 1+log p d d 1.1p +6* 3d 20 80 0.9 1.0 90 80 


* For range of interest logs m ~3 ~log2 p. 


A fruitful area for reducing the required size of the 
memory is by special addressing means.‘ Table II 
compares the relative costs of three conventional and 
four strobe-addressed memories with 2” storage loca- 
tions (slots) with d parallel bits per data word. (For the 
sake of clarity, a few secondary effects will be neglected 
here.) Let us first examine the column headings. 

For this comparison, the memories can be character- 
ized by the number of interlaces, the number of data 
bands, and their relative effective access time. The inter- 
lace is the ratio of the execution time of a short® instruc- 
tion to a memory word interval. For low cost and low 
weight, all information should be in a single data band, 
especially when the speed of the computer demands 
parallel storage. The relative effective access time meas- 
ures the number of memory words available during the 
execution of one short instruction. The relative effective 
access time can be reduced either by multiple data 
bands or by interlacing at a higher clock rate. 

The key cost items consist of the tracks and associ- 
ated hardware, the read-write electronics, and the addi- 
tional electronics for control. Control electronics in- 
clude the address register, the comparator, and associ- 
ated counters and switches. The data hardware columns 
pertain to a parallel data organization of “d” binary 
digits per word. The relative costs for the address-and- 
control portion and for the entire store are based on the 
unit cost of the read/write electronics in the last hard- 
ware column being double the unit cost of the other 


4G. L. Hollander, “Quasi-random access memory systems,” Proc. 
es Eastern Joint Computer Conf., vol. 10, pp. 128-135; December, 


5G. L. Hollander, “Addressing System for Data Records,” U.S. 
Patent No. 2,765,456; October 2, 1956. 

6 Any instruction that can be executed in one add time, such as 
add, compare, transfer, jump. Examples of long instructions are 
multiply and divide. 


columns. The numerical example is a 4096-word drum 
(n=12) for a 20-bit machine (d=20) using an 8-fold 
interlace (m=8). 

The size of the memory is determined by the mem- 
ory utilization. Here the portion of memory useful for 
minimum-latency programming must be distinguished 
from the total utilization including the portions that 
could not be minimum-latency programmed. The mini- 
mum-latency column shows the utilization by programs 
in which almost all instructions and constants are avail- 
able from the memory (without time delay) when the 
computer needs them. The total utilization is the prac- 
tical maximum when as much of the drum as possible is 
used for minimum-latency programs. 

The last two columns compare the relative cost per 
word of the minimum-latency program and per word 
in the memory. They are computed by dividing the total 
memory cost in the representative example by the ap- 
propriate utilization. The lower relative cost per word 
of strobe addressing will show up later as one of the 
factors in the improved economy. 


Conventional Approaches 


The first three rows describe the conventional ap- | 
proaches to addressing a drum. The full address is 
stored only where special circumstances justify the high | 
cost. For example, each of the 4000 slots on a drum may | 
carry the 12-binary-digit designation of its address; but | 
11 tracks can be saved by using a single clock track with 
an associated counter that contains the present address. 
The counter and clock-track approach predominates 
with either single or multiple data bands. 

To achieve almost zero latency, the conventional 
methods must use about one quarter of the memory 
either for jump instructions or for the “next-word” por- 
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tion of the instruction. Furthermore, the entire drum 
cannot be used for minimum latency programming. 
After more than half of the slots are occupied, the choice 
is too limited to guarantee minimum-latency for any 
additional instructions. 

Multiple data bands reduce the effective access time 
and are the conventional, although expensive, way of 
achieving the desired goals. If the data bands can be 
switched between successive words, queueing theory or 
intuition shows that a larger portion of the drum can be 
used for minimum-latency programs; but microsecond 
switches for read and write currents are expensive. 


Strobe Tracks 


Since with minimum-latency programming, an in- 
struction is available when the control element is ready 
for it, we can simplify the computer by forcing the con- 
trol element to accept an instruction when the memory 
presents it. This replaces the m bits of address counter, 
address register, and comparator with a single flip-flop 
that can conditionally shut off the stream of instruc- 
tions. 

The control section accepts an instruction from the 
program drum whenever a pulse appears in the clock 
(strobe) track. Under normal conditions, the computer 
carries out one instruction after the other, as each ap- 
pears on the drum. Inasmuch as it takes three to four 
times longer to execute a long instruction than a short 
instruction, several slots are left vacant after each long 
instruction, so that the next instruction is ready when 
the previous one has been completed. 

The computer does not directly address an instruc- 
tion; for conditional and unconditional jumps the com- 
puter is shut off until it again reaches valid instruc- 
tions. Thus, subroutines are selected by performing or 
jumping over a set of instructions. Even though a group 
of instructions is jumped, the computer must wait for 
the next set, just as if it had not jumped. 

The virtue of strobing is low-cost addressing—about 
one-sixth of the clock track and counter—but memory 
utilization is low. Vacant slots after the long instruc- 
tions (about 40 per cent) are usually wasted, because to 
nest part of another program takes at least two control 
orders and is awkward even then. Nesting of alternative 
routines does not pay for fewer than four or five consec- 
utive vacant slots. Strobe addressing can be as efficient 
as the conventional methods for the minimum-latency 
portion of the program, but the conventional methods 
can pick up for non-minimum access programs the re- 
maining slots that are wasted with a single strobe track. 


Program Interleaving' 


About 70 per cent of the vacant slots can be used for 
a second program controlled by a second strobe track 


7G. L. Hollander, “Transac C-1100,” op. cit., p. 166. Program 
interlzaving was conceived independently by C. Ramamoorthy of 
Minneapolis-Honeywell and used in their C-1102. 
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Fig. 1—Interleaving two programs. 


(Fig. 1). With a fairly consistent mix of short and long 
instructions, this second program usually approaches 
minimum-latency. Besides reducing the required mem- 
ory size by eliminating vacant slots, the computer duty 
cycle is raised, as jumped instructions occur when the 
computer is busy instead of making it idle. 

In a 20-bit machine, a second strobe track adds less 
than 3 per cent to the memory cost; but it increases the 
storage utilization from 60 per cent to nearly 90 per 
cent, a 50 per cent gain. At this better utilization, the 
smaller memory needed for a given problem has a lower 
access time, an important effect neglected in Table II 
but covered in Sections IV. It should be noted that in 
program interleaving the memory word interval equals 
the execution time of a short instruction. 


Instruction Interlace 


While in program interleaving the first program had 
no access delay and the second merely picked up the 
vacant spaces; in interlacing, instructions for different 
programs are deliberately and regularly alternated. This 
conventional interlacing pays off when the memory 
word interval is several times shorter than the execu- 
tion time of a basic order. Instruction interlacing 1s 
possible without increased memory speed, but it is the 
lower effective access time due to the shorter memory 
time that permits the better utilization for optimum 
programs and justifies the additional control equipment. 

Table II shows that m-fold instruction interlacing re- 
quires m address tracks and additional switching equip- 
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ment roughly proportional to log, m. Otherwise the cost 
is the same as for the single strobe track, except that 
the m-fold memory clock rate raises the cost of the mem- 
ory electronics by an amount small compared to the 
memory cost, and neglected here. 

Each routine is assigned an interlace, with several 
short ones sharing the same, and an extra long one tak- 
ing several. Interlaces are scanned in a sequence deter- 
mined by the need of the program; each interlace under 
control of a strobe track. An interlace jump instruction 
makes a common subroutine in one interlace accessible 
from programs in other interlaces. The need for jump 
instructions reduces memory utilization over program 
interleaving, but the program itself can be cut by 50- 
75 per cent through less duplication of reutines and 
subroutines at the shorter effective access time. 

Without the ability to jump interlaces, the access 
time of the memory would remain 1, instead of 1/m. The 
need for extra instructions to jump interlaces prevents 
the memory from appearing parallel for short program 
segments. 


Selector Tracks 


The advantages of program interleaving and instruc- 
tion interlacing can be combined by associating each 
strobe track with a routine, rather than with an inter- 
lace.6 These selector tracks can pick up instructions 
from any interlace without a jump instruction, thus re- 
moving all nesting restrictions and providing high mem- 
ory utilization. The memory now appears as if it had 
m parallel bands. 

For programming convenience, there are usually 20 
per cent to 50 per cent more selector tracks p than inter- 
laces m. The practical range of interlaces m or selector 
tracks p appears to be between 4 and 16, so that their 
logarithms can be approximated by 3 in the cost factor. 


Discussion of Table II 


Table II provides only limited information on the 
relative economy of various addressing methods. The 
performance of the computer cannot be evaluated until 
additional data i Section IV are considered. Here we 
compare only the efficiency of the memory itself. 

Table II siiows that a single strobe track is the least 
expensive addressing method for applications in which 
data are only a small fraction of the entire program. Al- 
though the additional selector tracks increase the cost 
of the address section, the relative cost per word is re- 
duced over the single strobe track, because now so much 
more of the memory can be utilized. Program interleay- 
ing has a lower cost per word than selector tracks, but 
Section IV will show that the computer is utilized bet- 
ter with selector tracks for greater over-all economy. 


® Conceived jointly with Mrs. Kathe Jacoby of the Philco Com- 
puter Lab. 
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It might be well to compare any of these drum 
schemes to a random access core memory. Although the 
core memory could be fully utilized and would ensure 
full computer utilization, the smaller core memory still 
cost five times more than the appropriate drum or disk. 


III. DESCRIPTION OF INTERLACE ORGANIZATION 


Fig. 2 shows the new program memory organization. 
Instructions are placed in any vacant slot in the instruc- 
tion band regardless of the interlace, with the sole re- 
striction that two instructions for the same program 
must be separated by at least enough time to execute 
the first instruction. 

Each major routine has its own selector track that 
selects the appropriate instructions from the instruc- 
tion band [Fig. 2(a) ]. While for programming ease the 
first few routines are usually written for specific inter- 
laces, shorter routines can be placed into any remaining 
vacant slots regardless of the interlace. Subroutines that | 
occur frequently can be placed into a single interlace 
accessible to any of the selector tracks. 

For example, many routines in Table I require sine 
and cosine subroutines, a typical total of about 50. For 
such programs one interlace, % of the drum, can be filled 
with a continual succession of sine-cosine subroutines so 
that it is never far to the start of the next one. In the 
typical problem, the drum contained 15 sine-cosine sub- 
routines, resulting in an average access time with a 
speeded-up drum of 200 usec, a permissible delay. The 
sine and cosine instructions were reduced from # to 3 of 
the total instructions. This action alone saved 30 per 
cent of the memory capacity with only a small increase 
in program execution time. 


BOMBING 
NAVIGATION METHOD 3 
ROCKETS 
NAVIGATION METHOD 2 
NAVIGATION METHOD | 


MISSILES 

CRUISE CONTROL FUEL 
CRUISE CONTROL-AUTO PILOT 
FLIGHT DATA, ETC, 


rae 
= 


PROGRAM TRACKS SELECTOR TRACKS 


REVOLUTION CLOCK 
PULSE 


(a) 


Pp —ACCUMULATOR 
ACCUMULATOR 
SINE INSTRUCTION LAST 


Ist SINE INSTRUCTION (SINE COSINE ROUTINE ) 
2nd_ SINE INSTRUCTION 


LAST SINE COSINE INSTRUCTION 
STORE SIN p STORE SIN 


S aoa 


STORE COS p STORE COS wv 


(b) 


Fig. 2—Proposed interlaced drum organization. (a) Arrangement of 
program and selector tracks. (b) Detail of above showing how two 
different routines use same subroutine. 
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Fig. 2(b) details a small section of the drum in Fig. 
2(a) and shows how two interlaced routines can share 
the same trigonometric subroutines. Depending on 
which selector track controls the program, either W or 
p is transferred in the accumulator; and then the same 
sine instructions take over. Note that the last instruc- 
tion from the previous subroutine had not been selected. 
At the end of the subroutine, the computed values are 
stored and the individual routines take over. Although 
not shown in Fig. 2(b), another instruction prior to the 
trigonometric routine set the index register so that the 


_ resulting sine or cosine values can be transferred to dif- 


ferent storage locations. 


IV. EvALUATION 


Interlacing reverses the cumulative interaction of in- 
creasing store size and access time described in the In- 
troduction for strobe-addressed and other serial mem- 
ories. Through the apparent parallelism and better 
utilization by interlacing with increased speed, the ac- 
cess time is lowered, which permits sharing of routines, 
which reduces the size and access time of the memory 
further. To evaluate the over-all gain, the separate con- 
tribution from each factor is examined and then the 
combined effect is discussed. 

For clarity, we will use the following terms: 


Program: The entire set of instructions needed for a 
given mission. 

Routine: The set of instructions required to carry out 
a given task. For example, in Table I, fuel manage- 
ment, landing, and diagnostic routines. 

Subroutine: A set of instructions which recurs fre- 
quently in the program or routines; for example, a 
sine-cosine subroutine. 


Analysis of Contributing Factors 


Table III summarizes the effect of various actions on 
the key parameters that determine the computer econ- 
omy. The reference point for each row is the basic com- 


puter with a single strobe track as described by the’ 
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author.? The combined effect follows from combining 
the values in each column. Let us first examine the indi- 
vidual entries in the table. 

Relative values are shown in the table, because spe- 
cific values depend on the application, and the com- 
plexity of exact relations obscures the significant points. 
Approximate quantitative values for the qualitative 
figures are shown below the table. A plus sign denotes an 
increase in the quantity; a minus sign, a decrease. While 
a minus sign is favorable in every column, the final re- 
sult is specified completely by the required memory 
capacity and the program execution time, as they in- 
clude the effects of the quantities in the other three 
columns. 

The goal is to execute a given program in the shortest 
time with the smallest memory. The three intermediate 
columns aid in gauging the effect of each factor on the 
two key columns. How are these columns related to 
each other? The memory access time usually varies 
directly as the required capacity, because at fixed data 
rates a smaller memory has a shorter access time. The 
only exception is at the higher drum velocity where the 
data rates change. The access time to individual rou- 
tines is usually directly related to the memory access 
time. Any difference between these two columns will be 
covered when it arises. The time to execute a routine 
consists of the execution time of individual instructions 
and of the access time to the subroutines, and is inde- 
pendent of the access time to the routine. The program 
execution time is the sum of access time to the routines 
and routine execution times. 

Program Interleaving: Program interleaving reduces 
the required memory capacity by utilizing vacant slots 
after long instructions. It also tends to reduce access 
times to routine further by interleaving long routines, 
but usually not enough to make the decrease in the 
access time to routine significant. 

Higher Drum Velocity: Higher drum velocity does 
not affect the memory size but reduces its access time— 
the main cause for repetitive subroutines and routines. 


TABLE III 
EVALUATION OF INTERLACE EFFECTIVENESS RELATIVE TO A COMPUTER USING A SINGLE STROBE TRACK 


Effect* On Memory 


R re ViA. Access 
oe : 
Contributing equire cces 


Computer Performance 


ee 


Time to | Execution| Execution 


Routine | Program Not Used Alone Because: 


Factors Capacity} Time | Routine | Time Time 
g -1 -1 —1 0 -1 
Be pin veloc 0 —3 —3 —3 —3 Without interlace, computer cannot keep up, 
eccriction Interlacin 0 0 0 +2 +1 Disadvantageous without increased drum velocity 
Shared Subroutines ¢ —2 —2 —2 +2 +1 Routine execution time too long 
Elimination of Routine Duplication —2 —2 +1 0 —1 Access too long to critical routines 
ee =3 26 +1 -3 


Combined Effect 


+2 =Significant Increase (100 per cent) 
+1=Small Increase (20 per cent) 
0 = Unaffected 


* Key: 


—{=Small Decrease (20 per cent) 
—2=Significant Decrease (50 per cent) 
—3=Large Decrease (80 per cent) 
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All other times are reduced proportionately, including 
the instruction interval which is now too short for the 
computer. Without interlacing, higher drum velocities 
provide no gain if the data rates must be kept low for 
the computer to keep pace. With interlacing, only the 
read and write electronics need to be changed. 


Instruction Interlacing: Instruction interlacing alone 
does not improve memory utilization. Without higher 
drum velocity, the routine execution time would in- 
crease because the computer must wait for successive 
instructions. To offset the increased data rate from the 
higher drum speed, the interlace should increase the 
instruction interval by +3, which results only in an in- 
crease in routine execution time as the access time to 
subroutines is constant. The access time to a routine 
would be unaffected, and the program execution time 
would be longer. 


Shared Subroutines: Real-time problems contain 
many common subroutines, particularly trigonometric 
conversions and servo-loop control. If these recurring 
subroutines could be shared, the memory would be 
much smaller. However, sharing of subroutines on the 
serial program memory increases the routine execution 
time prohibitively. Common subroutines actually re- 
duce the access time of the memory, but this reduction 
by itself is not large enough to keep the increase of 
routine execution time within tolerable limits. 

At the increased drum speed, the memory access time 
is reduced so much that many subroutines can be 
shared, producing the benefits without the objection- 
ably longer routine execution time. 


Elimination of Routine Duplication: Some routines, 
such as the autopilot routine in Table I, must be per- 
formed more than once during a drum revolution if the 
drum revolves too slowly; and every routine duplication 
increases the memory size, increases its access time, and 
imposes the need for even further duplication. Although 
elimination of this duplication reduces the required 
memory capacity and program execution time, the key 
factors, the computer would fail to execute critical rou- 
tines often enough. Here, again, the increased drum 
speed comes to our rescue by reducing the access time of 
the memory enough to permit elimination of the dupli- 
cation. 


Combined Effects: The interlace strobe method com- 
bines all factors analyzed in Table III. As shown on the 
last line, the key benefit is the greatly decreased mem- 
ory access time. The critical parameters, required mem- 
ory capacity and program execution time, go down by 
large factors. Only the routine execution time goes up 
slightly, because even at the increased drum velocity 
the shared subroutines are not always available without 
delay. However, this is amply compensated by the re- 
duction of the access time to the routines, so that the 
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goal of executing a program in shorter time with a 
smaller memory is attained. 

It is interesting to compare the system results in this 
section with the comparison in Table II. Memory 
utilization in Table II accounts only for slots left vacant 
or occupied by unproductive housekeeping instructions. 
The big reduction in Table III stems from elimination 
of repetitive routines or subroutines. The faster execu- 
tion of the program stems from the faster access to the 
routines and subroutines, which reduces the time that 
the computer is idle. Required memory capacity and 
idle time cannot be reduced below equivalent values 
possible with a random access memory, values they can 
approach but never achieve. The economy is signifi- 
cantly better than with a random access memory, be- 
cause of the lower cost per word on drums or disks. 


A Typical Problem 


A practical problem whose description is beyond the’ 


scope of this paper provided a numerical comparison. 
This problem is more than twice as complex as the ex- 
ample in Table I. The basic C-1100 would have required 
over 20,000 words of program storage and would have 
been idle about 80 per cent of the time. Multiple se- 
lector tracks and an 8-fold interlace reduced the pro- 
gram storage to fewer than 5000 words; and the idle 
time to about 15 per cent. This represents a fourfold in- 
crease in the effective computer speed with a fourfold 
reduction of memory size. 

The actual savings due to interlaced strobe address- 
ing depend on the complexity of the problem. A simpler 
problem would yield smaller returns. A problem much 
more complex than the one above would probably make 
a random access memory more economical. Thus the 
fourfold increase in computer speed and fourfold reduc- 
tion in memory size appear to be the practical limits for 
real-time problems. 


V. CONCLUSION 


Most computers use either random access (core) or 
sequential (drum) memories for program storage. For 
many simple control and business applications, drums 
are cheaper and require less control circuitry. However, 
the advantage of a sequential memory drops sharply 
with increasing problem complexity, especially with 
many long alternative routines. Required storage ca- 
pacity and access time increase at least as the square of 
the complexity of the problem, so that the conventional 
drum approach becomes useless when the computer 
idles much more than it works. 

Interlace strobe addressing retains the economy of a 
drum for problems with many alternative routines by 
sharply reducing the normal computer idling time and 
excessive increase of program storage through: 


1) reduction in access time to subroutines, 
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2) sharing of common subroutines by several rou- 
tines, 

3) minimizing the need for duplicate routine storage, 
and 

4) utilization of normally vacant storage slots. 


The gain from each of these steps increases the available 
benefits of the other three, so that the cumulative effect 
from their combination is much greater than the sum 
of the individual gains. In contrast to the quadratic 
increase of both storage capacity and access time with 
problem complexity, random interlace selection keeps 
the storage requirement increase approximately linear 
and the access time almost constant. 

While this interlace method has been introduced with 
a military aircraft application, it is just as applicable to 
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industrial control and multiple-routine file-maintenance 
problems. When applied correctly, interlace strobe 
addressing can utilize the computer almost as efficiently 
as a random-access memory. Of course, use of a drum 
must provide enough advantages to offset the slightly 
greater utilization of the computer by a random-access 
memory, a utilization which it can approach but never 
surpass. 
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Summary—Complex, flexible, computer programs can be writ- 
ten easily in list-processing languages. Storage registers are 
linked together in arbitrary sequences to form lists and list struc- 
tures, which are the units of the languages. Special provisions 
are made for recursive subroutines and for hierarchical pro- 
grams. These particular languages have been used to write 
game-playing, problem-solving, and other ‘‘intelligent’’ programs. 


for which they were designed. Simple but tedious 
mathematical calculations are now only a small 
part of a computer’s repertoire. Complex mathematics, 
business records and inventories, control of man-ma- 
chine systems, and “intelligent” automatic systems are 


1) IGITAL computers have outgrown the problems 


* Received by the PGHFE, December 9, 1960. . 
+ RAND Corporation, Santa Monica, Calif., on leave from Lin- 
coln Laboratory, Massachusetts Institute of Technology, Lexington, 


Mass. 


all jobs for digital computers today. Computer programs 
for these problems, however, are very difficult to express 
in terms of the built-in language of the computing ma- 
chine. It has become necessary to develop new pro- 
gramming languages that are particularly suited to the 
more complicated problems. For each such language 
there must be a special computer program, called a 
compiler or an interpreter, that translates the new lan- 
guage into the machine language of the computer. Op- 
erations requiring large amounts of computation can 
then be expressed in a small number of words of symbols. 
Moreover, complex computer programs can be expressed 
n units that are convenient for the programmer, and 
not in the units imposed by the machine design. 

The first languages to be developed were in the field of 
mathematics. FORTRAN, IT, and similar algebraic 
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compilers permit complex mathematical expressions to 
be stated clearly in a direct manner. Many scientists 
who could not take the time to learn machine program- 
ming are able to put their problems on a computer by 
means of FORTRAN or one of its relatives. More re- 
cently, it has become clear that similar languages are 
required for problems that are essentially noncomputa- 
tional in nature. Business problems of inventory and 
bookkeeping, for example, require the computer to 
maintain and sort large files of information. COBOL? 
and FLOW-MATIC3 have been designed to cope with 
problems of handling business data. In the field of lin- 
guistic processing, which includes automatic language 
translation, COMIT* has been designed to allow the 
words in the text to be the units that the program 
processes. 

The use of computers in simulating intelligent behav- 
ior and in making automata has created the need for 
another class of information-processing languages. A 
typical program for a problem in “artificial intelligence” 
has the following special characteristics: 


1) The program involves manipulating symbols that 
have non-numerical meaning. 

2) The storage requirements of the program cannot 
be specified in advance; complex data structures 
are developed as the program proceeds. 

3) The relations among the elements of the data are 
restructured while the program is operating. 

4) The problem can be described at several levels of 
detail and the program is stated naturally in hier- 
archical fashion. 

5) The program will be modified often. 


There are at least three information-processing lan- 
guages: IPL, the language designed by Newell, Shaw, 
and Simon,® FLPL, the FORTRAN list-processing lan- 
guage designed by Gelernter and his associates,® and 
LISP, the list processor designed by McCarthy and his 
co-workers.’ This paper will discuss the common prop- 
erties of these and similar languages. 


1J. Backus, “Automatic programming: properties and perform- 
ances of FORTRAN systems I and II,” Proc. Symp. Mechanisa- 
tion of Thought Processes, Natl. Phys. Lab., Teddington, England, 
Her Majesty’s Stationary Office, London; 1959. 

* The COBOL system was developed in 1959 by a voluntary 
committee of government users and computer manufacturers. A 
language based on this system is described in “The COBOL Trans- 
lator,” IBM Corp., White Plains, N. Y.; October, 1960. 

’G. N. Hopper, “Automatic programming; present and future 
trends,” Proc. Symp. Mechanisation of Thought Processes, Natl. 
Phys. Lab., Teddington, England, Her Majesty’s Stationary Office, 
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Lists 


The major innovation of list-processing languages is 
the organization of computer memory. Normally, when 
a set of symbols is to be stored in a computer, a block of 
consecutive storage registers is set aside and the symbols 
are stored in successive registers. If the exact number of 
symbols to be stored is not known at the time the com- 
puter program is written, then enough storage must be 
set aside to accommodate the largest possible set of 
symbols that is anticipated. Additional blocks must be 
set aside for sets of numbers generated by the program. 
In complex programs, storage allocation can be a major 
difficulty. The concept of list memories was designed to 
overcome such difficulties. In a list, each symbol is 
stored in a separate computer storage register, but the 
registers need not be consecutive. Each register contains 
two items of information: 1) the symbol being stored, 
and 2) the location of the storage register containing the 
next symbol on the list. This second item of information, 
called the link, serves to keep the list of symbols intact, 
no matter what particular storage registers are used for 
storing the symbols. To gain access to the symbols ona 
list, the programmer needs to know only the address of 
the beginning or head of the list. Each symbol on the list 
is then located by means of the link of its predecessor. 
The link of the last register on the list contains a special 
termination symbol, say O, to signal that there are no 
more symbols on the list. The arrangement of a list 
memory is depicted in Fig. 1. 

Lists have several valuable properties that stem from 
using links, rather than sequential storage registers. For 
example, a symbol may be inserted at any place on the 
list by merely altering two links. This manipulation does 
not disturb the other symbols. Similarly, symbols can 
easily be deleted from lists or moved from one list to an- 
other, merely by manipulating the linkages. In order to 
add symbols to lists and to form new lists, the list proc- 
essor will need a group of available storage cells. These 
cells are most conveniently organized as a special “avail- 
able space” list. Registers are taken from this list as 
they are needed for storing symbols; other registers are 
put back on the list when they are no longer required for 
particular storage needs in the program. Fig. 2 shows 
how a new symbol is added to a data list, using a cell 
from the available space list. 

A list of symbols may represent a more complex ar- 
rangement of data, because each symbol on the list may 
name a further list. (Each symbol generally has a prefix 
of some sort, to indicate whether or not it is to be treated 
as naming a further list. The name of a list is the address 
of its head.) A bridge deal, for example, might be repre- 
sented as a main list with four sublists. Each sublist 
would be the list of cards in one player’s hand, while the 
main list would consist of the names of the four sublists. 
The order of the four symbols on the main list could in- 
dicate the order of bidding and play, e.g., N, E, S, W. 


1961 Green: 
Address of Stored 
Storage Register Symbol Link 
473 S1 485 
485 S2 631 : 
631 S3 582 
582 S4 ; 0 


Fig. 1—List of four symbols starting in 473. 


Data List 
Address of Stored 
Storage Register Symbol Link 

473 Si 485 

485 $2 631 367 
631 $3 582 

582 S4 0 

Available Space List 

S¥al 0 367 574 
367 @ S5 B74 631 
574 0 618 

618 0 432 


Fig. 2—Symbol S5 is inserted in data list between symbols S2 and 
S3 using an available cell. The old links have been crossed out, 
and the new links have been italicized. After the change, the 
cells on the data list are, in order, 473, 485, 367, 631, and 582. 
The cells on available space are, in order, 371, 574, 618, etc. 


Interchanging E and W on the list would then corre- 
spond with East and West exchanging hands. 

The complexity can be extended indefinitely, because 
each sublist can include symbols referring to still further 
sublists. The cards in a bridge hand, for example, are 
naturally sorted into suits; the corresponding computer 
representation would have a sublist for each suit. The 
bridge deal would then consist of a main list containing 
the names of the four hands, while each hand would be 
a list containing the names of up to four sublists, one for 
each suit. In a hierarchy of this sort, the term level is a 
natural way to distinguish among the various sublists. 
The bridge deal is at the highest level, the hand at the 
next level, and the suit holdings at the third level. A 
main list, together with its sublists, their sublists, and 
so on, is called a ist structure. The unit of information in 
a list-processing language may be a symbol, a list, or an 
entire list structure. 

One data structure, the attribute list, is frequently 
used to characterize a particular list of symbols. In the 
bridge example, each hand has such attributes as the 
Goren point count of the hand, the number of quick 
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tricks, the biddable suits, and perhaps others. Since the 
bridge-playing program will refer to these attributes 
often, the attributes of each hand are computed once for 
all, and placed on an attribute list associated with that 
hand. The attribute list becomes part of the total list 
structure, so that a bridge deal now consists of a main 
list containing the four symbols for the hands, a list for 
each hand, the attribute list associated with each hand, 
and the sublists containing the various suit holdings for 
each hand. In more complex programs, both the sublists 
and the attribute lists can include symbols that name 
further lists, and any list may have an associated attri- 
bute list. 

The computer will sometimes be required to build up 
list structures for itself. In a bridge-playing program, 
for example, the computer may have to deal the cards, 
building up the list structures for a bridge deal from an 
initial list of the fifty-two cards in the deck. Also, if the 
computer is to /earn bridge, it will have to keep records 
of the rules that it uses in various situations, together 
with the success or failure following the application of 
the rules. For example, the program might initially have 
a large number of possible rules to use in selecting an 
opening lead. As the program played games, its ex- 
perience might be represented by a list of the good rules 
for finding opening leads. The list might indicate 
priority, with rules being moved up on the list when 
they are successful and being demoted when they lead 
to disaster. Of course, a very sophisticated machine 
would keep several priority lists of opening leads, with 
descriptions of the situations in which to use each. 


PROCESSES 


In conventional programming, the basic element of 
information is a digital number stored in a register. 
The available operations include ADD, SUBTRACT, 
STORE, and similar numerical manipulations. Machine- 
language programs combine these operations in se- 
quences. In algebraic compilers such as FORTRAN, the 
elements of information are constants and subscripted 
variables each representing a number or a block of num- 
bers; processes are available for algebraically combining 
these quantities in standard ways. Similarly, list-process- 
ing languages include some basic processes for manipu- 
lating symbols, lists, and list structures. Processes are 
provided for comparing symbols, locating a symbol ona 
list, deleting a particular symbol from a list, combining 
two lists into one, adding a symbol at the end of a list, 
etc. A list-processing program is a sequence of these 
processes. The various list-processing languages differ in 
the basic processes that are provided for the programmer 
to use, and in the symbols that the programmer must 
use in expressing his programs for the processor. 

Subroutines are very helpful in conventional program- 
ming, and they are indispensable in list processing. A list 
program consists of instructions for obtaining the inputs 
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to subroutines, for executing the subroutines, and for 
storing the results. In a complex program, the subrou- 
tines are complex, but the main program is relatively 
simple. Each subroutine represents a unit of processing, 
i.e., a block in the flow diagram, while the program 
represents only the lines of flow. But each block is itself 
a set of smaller blocks—subroutines—strung together 
by connections—program. The program can be sub- 
divided into as many stages, or /evels, as is convenient. 
Generally, the more levels the better, so that each level 
can be simple. A list program, then, is a hierarchy of 
subroutines, successive levels getting more and more de- 
tailed. In the bridge example, the highest level would 
include routines such as “deal the cards,” “conduct the 
bidding,” “play the deal,” “score the deal.” The block 
“deal the cards” would contain sub-blocks such as 
“select a card at random,” “place a card on a hand.” 
The sub-block “place a card on a hand” would include 
lower level routines such as, “find the list for the match- 
ing suit,” “start a new suit list.” Still lower we might 
find “are card X and card Y of the same suit?” List- 
processing languages are especially designed to keep 
track of hierarchies of subroutines, so that the pro- 
gram’s course through subroutines within subroutines 
can always be unravelled. 


RECURSIONS AND PusH-Down LIsTs 


List structures may have many levels of sublists, and 
routines for handling list structures will not generally 


know how many levels are involved in a particular _ 


structure. Routines must be built in a general way to 
handle any number of levels. One convenient way to 
achieve generality is to use a recursion. Suppose that we 
are writing a routine to perform a particular process on 
all the lists of a list structure. The process is first per- 
formed on the main list, then on every sublist named 
on the main list, then on every sublist named on a sub- 
list, etc. Every symbol on the main list that names a 
sublist can be treated as if it named a list structure; in 
fact, by the definition of a list structure, it does. But we 
are preparing a routine to perform a certain process on a 
list structure, so whenever we encounter a symbol that 
names a sublist, and therefore a list structure, we would 
like to execute the routine that we are now writing on 
this newly named list structure. That is, the routine 
that we are writing wants to execute itself as a part of 
itself. Suppose, for example, that our routine is designed 
to substitute one symbol for another given symbol 
wherever the latter occurs on a certain list structure. 
Our routine, which is diagrammed in Fig. 3, will first 
examine each symbol on the main list. If the symbol 
matches the given symbol, then the substitution is 
made. If the symbol on the main list names a sublist, 
then the present routine is executed with that symbol as 
the name of the list structure involved. It is assumed in 
this example that the given symbol does not name a sub- 
list on the list structure. When all of the symbols on the 
main list have been treated in this way, the process is 
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finished, since all of the sublists will have been examined 
in the process above. A routine that uses itself as a sub- 
routine, in this manner, is called a recursion. 

Recursions are not possible in conventional computer 
coding. Each conventional subroutine contains a num- 
ber of storage cells for its inputs, for temporary quan- 
tities during its execution, and for the place where the 
main program is to be resumed when the subroutine is 
finished. These registers constitute the context of the 
subroutine. Whenever the subroutine is executed, a new 
context is set up, and in conventional practice a new 
context completely destroys any previous context. A 
recursive routine must save its previous context before 
performing in a new context, so that when it finishes in 
the new context, it can revert to the middle of itself 
and proceed. Special provisions are made in list-process- 
ing languages for saving contexts in recursions. 

The device used by recursive routines to save context 
is called a push-down list. For every storage cell contain- 
ing either a parameter or an intermediate result, 7.e., 
every storage cell containing a part of the context, there 
is a push-down list on which the previous contents of the 
cell are saved. On a push-down list a new symbol is al- 
ways added at the top; likewise, symbols are always 
removed from the top of the list, in the manner of a well 
for stacking plates in a cafeteria. When a new symbol 
is added at the top of the list, all of the symbols beneath 
it are pushed down. As symbols are removed, they ex- 
pose the symbols beneath them. Thus, the symbols 
forming the new context of a recursive routine are 
stacked on top of the previous symbols. At the end of 
the routine, the present context is discarded, revealing 
the previous context. In the example in Fig. 3, the first 
and last blocks keep track of the context by manipulat- 
ing push-down lists. The initial set up pushes down lists 
for storing the input symbol, the replacement symbol, 
and the name of the list, and also pushes down a tem- 
porary storage cell that will hold the current location on 
the list as the routine progresses. The final cleanup pops 
up these four push-down lists, leaving them exactly as 
they were when the routine was entered. 

Recursions are not a necessity in list programming, 
but they are an immense convenience. Conventional 
iterative procedures could be used, but a great deal of 
housekeeping (keeping track of all of the lists, sublists 
and so on) would have to be done explicitly, whereas 
with recursions the housekeeping is done automatically. 
Opportunities for recursions abound in artificially in- 
telligent programs. Our bridge program will need a re- 
cursive routine for selecting a card to play. The selection 
will involve looking ahead to the possible plays from 
the other hands: 7.e., what cards will the others then 
select to play? These selections may be predicted by us- 
ing the “select a card” routine in the context of the 
previous selections and the holdings of each other hand. 
Evaluating the consequences of a selection will also in- 
volve a consideration of future tricks; the same “select 
a card” routine will be used again, so a recursion nat- 
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Enter Subroutine S1 


Initial Setup: store input symbol, 
replacement symbol, and name of list. 
Set up temporary storage cell. 


Obtain next symbol on current list 
Does list symbol match input symbol? 


Substitute 
the 
replacement 
symbol 


Does the list symbol 
name a sublist of this 
list structure? 


Execute subroutine Sl 
with name of sublist 
as name of list structure. 


Obtain link to next symbol on current list 


Is current list finished? 


Yes 
Final cleanup: discard input symbol, replacement 
symbol and name of list. Clear temporary storage cell. 


Exit from subroutine 81 


Fig. 3—Flow diagram of subroutine S1, a recursion to substitute 
one symbol for another on a list structure. The box “Executive 
subroutine S1...” contains the entire flow diagram of routine 
S1, including a box “Executive subroutine 1...” that contains 
the entire flow diagram of routine S1, and so on, in a “baking- 
powder-can” regression. 


urally results. Each successive play that is considered 
involves a level in the recursion hierarchy of the “select 
a card” routine. All game-playing programs have such 
“foresight” recursions. The big problem is when to stop 
recursing, since the machine seldom has time or capacity 
to look ahead as far as it might. 


PARTICULAR LANGUAGES 
Al MME 


IPL-V, the fifth version of a family of information- 
processing languages designed by Newell, Shaw, 
Simon, and their collaborators, is the most widely used 
information-processing language. It includes over 150 
basic processes for handling symbols, lists, and list struc- 
tures. IPL programs are written as vertical lists of suc- 
cessive instructions, in the same way that machine- 
language codes are written. In contrast to conventional 
coding, all symbols used in IPL programs must be in the 
form of a single letter followed by a relative number. 
The programmer may not use his own private mnemonic 
symbols. IPL-V exists as an interpretative routine for 
the IBM 650, 704, 709, and 7090, as well as for the 
Univac 1105. The programming manual is published as a 
paperback by Prentice-Hall, Inc.® 


8 A. Newell, Ed., “Information Processing Language—V Man- 
ual,” Prentice-Hall, Inc., Englewsod Heights, N. J.; 1961. 
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Beis? 


LISP, the list processor designed by McCarthy, Min- 
sky, and their collaborators at M.I.T., is very similar to 
IPL. It includes some novel technical features designed 
mainly to improve the speed of operation of the ma- 
chine. It has fewer basic processes; the programmer 
must build up his routines from a much smaller set of 
basic operations. Symbolic mnemonics are allowed, and 
the programs are written in a horizontal linear notation 
in the manner of symbolic logic expressions. This nota- 
tion is oriented toward mathematicians rather than 
computer programmers. LISP exists both as an inter- 
preter and a compiler for the IBM 704 and 709.° 


CTL EG 


Gelernter’s FORTRAN List Processing Language 
exists as a set of routines within the FORTRAN sys- 
tem. Specifications for these routines have been pub- 
lished,® but the routines themselves are not available, as 
far as this author knows. 

If the programmer needs the resources of an algebraic 
compiler as well as a list processor, then FLPL would be 
useful. However, producing the necessary routines from 
the specifications is not a quick and easy task. An alter- 
native is to imbed algebraically compiled routines within 
the IPL or LISP structures, since both have the facility 
for adding processes coded in machine language. 


D. Others 


Many other programming languages make use of the 
basic ideas of list memories. Yngve’s COMIT,* a com- 
piler for handling linguistic material, uses a list memory. 
Most compilers of algebraic programs use lists to do 
their compilations. Perlis!*has described a special type of 
list called the threaded list for use in compiler routines. 
Carr" has also contributed to the development of gen- 
eral list processing. Fredkin® has designed a more elabo- 
rate memory structure, called a 77ie memory, for data 
retrieval problems. 


Uses or List-PROCESSING LANGUAGES 


The programming languages discussed in this paper 
have been especially designed for complex, non-numeric 
problems that have indeterminant storage requirements, 
that are naturally stated hierarchically and recursively, 
and that are subject to frequent changes. One type of 
problem for which the languages are especially suited is 
game-playing. Of course, game-playing programs can 
also be written in machine language, but only with great 


9 For further information, write Prof. John McCarthy, Dept. of 
Elec. Engrg., Mass. Inst. Tech., Cambridge, Mass. : 

10 A, J. Perlis and C. Thornton, “Symbol manipulation by 
threaded lists,” Commun. Assoc. Comput. Mach., vol. 3, pp. 195-204; 
April, 1960. aot) ; ; 

uJ. W. Carr, III, “Recursive subscripting compilers and list- 
type memories,” Commun. Assoc. Comput. Mach., vol. 2, pp. 4-6; 
February, 1959. 

2 E, Fredkin, “Trie memory,” Commun. Assoc. Comput. Mach., 
vol. 3, pp. 490-499; September, 1960. 
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difficulty and with important limitations. Chess pro- 
grams written in machine language have generally 
looked ahead a fixed number of moves, whereas chess 
programs written in list-processing languages can use 
recursions to look ahead a varying number of moves, 
depending on the circumstances. Newell and Simon’s 
chess program," for example, evaluates the conse- 
quences of a move by looking ahead move after move 
until it reaches a position in which there is no possibility 
of one piece capturing another. The same kind of vari- 
able look-ahead could be incorporated into a bridge 
program, although to our knowledge no such program 
has ever been written. List languages also provide con- 
venient mechanisms for game-playing programs to use 
in profiting from past experience. The past experience 
is often best expressed in terms of sets of associations, 
the associations among items being represented by their 
presence on a single list. 

Several programs that solve problems or prove theo- 
rems have been written in list languages. The first of 
these was Newell and Simon’s logic theory machine,“ 
which produced proofs of theorems in logical calculus. 
Rather than using an all-inclusive algorithm for proving 
logic theorems, their program used a set of “heuristics,” 
rules of thumb that usually work in producing proofs, 
but which have no guarantee of success. The heuristics 
were represented in the program by a list of possibilities; 
heuristics that worked were moved up on the list, while 
unsuccessful heuristics were demoted. Following the suc- 
cess of the logic theorem-prover, Gelernter and his 
associates” used the FLPL language to provide a com- 
puter with heuristics for proving theorems in plane 
geometry. More recently, Tonge" has written a program 
in IPL for balancing a complex assembly line in a nearly 
optimum way, and Slagle!” has written a program in 
LISP for doing formal integration. 

Problem solving is very similar to game playing, in 
that a great many possible paths must be examined. The 
heuristics are intended to keep the program on or near 
the correct path, and to give it ways of rejecting paths 
that will lead nowhere. The logic and geometry pro- 
grams used a means-end analysis, and worked from the 
solution back to the premises. They sought a subprob- 
lem which, if proved, would allow them to prove the re- 
quired results. In this way, the problem was changed to 
finding a proof for the subproblem. Newell and Simon, 
feeling that this analysis is common to a great many 


13 A. Newell, J. C. Shaw, and H. A. Simon, “Chess playing pro- 
grams and the problem of complexity,” IBM J. Res. and Dev., vol. 
2, pp. 320-335: October, 1958. 
ae fe Newell ae ly Jake ey “The logic theory machine,” 

RANS. ON INFORMATION THEORY, vol. IT-2, pp. 61-79: - 
tember, 1956. “ - ies 
 H. Gelernter, J. R. Hansen, and D. W. Coveland, “Empirical 
explorations of the geometry theorem machine,” Proc. Western Joint 
Computer Conf., pp. 143-150: May, 1960. 

16 F. M. Tonge, “Summary of a Heuristic Line Balancing Pro- 
eu The RAND Corp., Santa Monica, Calif., Paper P-1799; 

“J. Slagle, personal communication, 
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problems, have produced a general problem-solving 
program!’ which uses such an analysis in a general 
framework. 

The heuristic procedures used in the logic and geome- 
try programs are patterned after human behavior. 
Several attempts have now been made to produce pro- 
grams that solve problems in the same way that hu- 
mans solve them, and other programs have been written 
to simulate other aspects of human behavior. Newell 
and Simon have adjusted parameters and subroutines 
in their logic program to simulate the behavior of 
novices proving theorems in logic. The particular 
heuristics of a given subject are inferred from a protocol 
taken of his behavior in an experimental situation, and 
these rules are given to the computer. The computer 
program is then a model for the person’s behavior. 

Computer programs that simulate human behavior 
have been called information-processing models, to dis- 
tinguish them from mathematical models that do not 
postulate specific intervening processes. Feldman’’ has 
proposed an information-processing model of behavior 
in a two-choice “probability learning” situation, in 
which responses are governed by tentative hypotheses 
concerning the sequence of stimuli, rather than by ran- 
dom events. An information-processing model of human 
verbal learning has been studied by Feigenbaum,”? and 
a similar model has been described by Hovland and 
Hunt?! for concept formation. In these models the 
associations among items are represented by their pres- 
ence on the same list. Large list structures are used to 
model complex associations. 

List languages are also being used to program linguis- 
tic processes. McCarthy is using LISP for programming 
his “advice taker.”?? This program will accept declara- 
tive sentences in English as input, and will abstract the 
relevant information these sentences and remember it. 
This information, in the form of relations between ob- 
jects, is then consulted to answer questions posed in 
English. A similar approach is being used by Lindsay” 
in an IPL program for language syntax analysis. 

List processing has turned out to be a very convenient 
way of programming “Baseball,” a program being de- 
veloped by the author and his colleagues at the Lincoln 
Laboratory for answering questions posed in natural 
English about stored data. The linguistic part of Base- 


_ 18 A, Newell, J. C. Shaw, and H. A. Simon, “A Variety of Intel- 
ligent Learning in a General Problem Solver,” The RAND Corp., 
Santa Monica, Calif., Paper P-1742; July, 1959. 

_ * J. Feldman, “Analysis of Predictive Behavior in a Two-Choice 
Situation,” Ph.D. dissertation, Carnegie Inst. Tech., Pittsburgh 
Pa.; 1959. , 
: ans LAN. Sea eens Lorna tion Processing Theory of 

erbal Learning,” The orp., Santa Monica if. 
P-1817; October, 1959, : Sie ae 

a Ow I. Hovland and E. B. Hunt, “Computer simulation of con- 
cept attainment,” Behavioral Sci., vol. 5, pp. 265-267; July, 1960. 

* J. McCarthy, “Programs with common sense,” Proc. Symp. 
Mechanisation of Thought Processes, Natl. Phys. Lab., Tedding- 
ton, England, Her Majesty’s Printing Office, London; 1959. 

*3.R, Lindsay, personal communication. 
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ball is best programmed by treating the sentence as a 
list of words, each word having an attribute list contain- 
ing its definition in terms of attribute-value pairs. The 
information retrieval part of Baseball makes use of list 
structures for storing the data, which are baseball scores, 
and recursively searches the data for the answers to the 
question. By using lists for both the definitions of words 
and the organization of the data, a very general program 
can be written that is not geared to a specific subject 
matter. By simply changing the dictionary lists and the 
data an entirely new context for answering questions 
can be provided. 
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The most important advantage of a list-processing lan- 
guage is not in list memories as such, nor in recursions, 
but in the ease with which larger and larger units of 
processing can be built up and used as programming 
units. The programming job can be split into levels so 
that at any one level very little attention to detail is re- 
quired. At each level of processing, the programmer can 
think and write in units that are natural for that level. 
It is difficult to communicate the profound feeling of 
fredom and relief that comes from using a list language 
rather than machine language; the reader is urged to try 
it for himself. 


Computer Synthesis of Character- 
Recognition Systems’ 


D. N. FREEMAN} 


Summary—A SAP (Symbolic Assembly Program) package has 
been developed for the IBM 704 computer to simulate the logical 
tree of circuitry associated with a character-recognition device. The 
program has two major inputs: a particular set of logic statements 
(of AND and OR type) on cards, for flexibility, and tape reels of 
binary images of ideal or real characters. The output is the “score” 
of the logic: how many misjudgments it made on the images, what 
areas of the logic caused the misjudgments, and possible improve- 
ments of these areas. 


I. INTRODUCTION 
a | 1 YPICALLY, character-recognition logic circuitry 


is synthesized under four major constraints: 1) 

Flexible decision rules are necessary, so the logic 
can recognize imperfect data patterns; 2) Conversely, 
rigorous decision rules are necessary, to assure reliable 
and predictable character recognition; 3) Low cost and 
minimum circuitry are desirable, for obvious reasons; 
4) Development time and development budgets are 
limited. The fourth constraint, of course, generally 
supersedes all the others, though if sufficient time, man- 
power, and money are available, feasibility at least can 
be proved. 

This paper discusses an IBM 704 program, known as 
SCRIPT (Simulator for a Character Recognition In- 
strument through Programming Technology), which 
aids character-recognition logic-design efforts by eval- 


* Received by the PGEC, August 18, 1960; revised manuscript 
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uating a design without the necessity of building an 
engineering model. This substantially reduces develop- 
ment time and cost and permits investigating many 
more logic configurations than would otherwise be prac- 
tical. 

SCRIPT uses many conventional techniques, such as 
simulation and an automatic compiler, plus several new 
techniques, one of which is the estimation of failure 
margins. Its primary mechanism is the simulation of 
proposed logic for a recognition device to which are ap- 
plied digital representations of characters. The char- 
acter representations are prepared in binary-bit form 
before being submitted to the SCRIPT logic model. 
The performance of the logic is recorded and sum- 
marized by the information-retrieval subroutines of 
SCRIPT. The output thus indicates the ability of the 
logic tested to recognize the set of character representa- 
tions supplied to it. 

The digital character representations are assumed to 
be realistic counterparts of legible characters (t.e., iden- 
tifiable by the human eye and, hopefully, by a mechan- 
ical logic), so the performance of the logic is meas- 
ured by its success in recognizing these characters. If the 
logic fails to recognize one image in every 10,000, for 
example, this level of performance can be identified with 
the logic; logic improvements may improve this ratio to 
1:100,000 or better. Thus, the principal assumptions 
are that the images which the logic processes are realis- 
tic, and that the logic can be evaluated constructively 
by its performance against these images. 
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SCRIPT is oriented toward problems peculiar to 
optical character recognition; however, it also appears 
to be applicable to such related efforts as magnetic 
character recognition and speech recognition. SCRIPT 
offers broad flexibility in its input formats and output 
options, a consideration only slightly less important to 
the designers than simulation speed. Thus, other de- 
velopment groups should find little difficulty in con- 
verting it to their special needs. Several programming 
devices have been contrived solely to accelerate the 
speed of processing. 

In addition to SCRIPT itself, this report enumerates 
other design techniques and 704 methods which have 
been tested during logic-developjent efforts, plus tech- 
niques which have not yet been tested, since their de- 
velopment costs are presently excessive. 


II. STRUCTURE OF THE RECOGNITION DEVICE 
SIMULATED BY SCRIPT 


SCRIPT simulates any recognition device which has 
the following characteristics: It cycles a two- (or three- 
or one-) dimensional array of bits (a “pattern”) through 
a serial register, with appropriate gating for attempting 
recognition or passing to the next pattern of adjacent 
positions, and also for sensing when a pattern has not 
been recognized within the allowable time interval. 

The trees of recognition logic are attached to the 
serial register in parallel, one tree for each character of 
the “alphabet.” Thus, at any position, the pattern of 
bits can be recognized as none, one, or several charac- 
ters. If the pattern is recognized for the first time as 
exactly one character, a latch is set to identify the pat- 
tern to the output of the recognition device. However, 
the cycling of the pattern through the serial register 
continues until the cutoff time for recognition, at which 
time the final validity decision is made. 

If, by that time, the pattern has been recognized as 
no more than one character, it is accepted as a successful 
recognition. If latches for other characters have been 
set—either simultaneously at one position or separately 
—the recognition attempt is unsuccessful, a “conflict.” 
If no latches have been set by cutoff time, the recogni- 
tion attempt is unsuccessful in another sense; it is a 
“failure.” 

The recognition device will send its normal, “recog- 
nized” output to one type of document or device (such 
as punched cards, magnetic tape, or sort hoppers for 
the scanned document) and all conflict-type and failure- 
type output to some other document or device (such as 
a reject hopper for scanned documents or an error 
punch on a card). 

SCRIPT simulates all of these procedures except the 
scanning and digitalizing of the characters on the 
documents. However, the output from SCRIPT is de- 
signed to retrieve information on the accuracy of the 
logic, assuming that the patterns have been faithfully 
represented to the logic. This retrieval is far more 
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elaborate than that of the hardware device; it frees the 
logic designer from manually analyzing volumes of re- 
jected documents. 

(Although SCRIPT has not been designed to catch 
failures of the scanning device itself, or of the output 
from the hardware machine, it can indicate a limited 
class of failures which are manifested as logical errors in 
a prototype machine: if a pattern fails to be recognized 
by the prototype, yet is passed successfully by SCRIP 
on a rerun through the simulator, the prototype is a far 
more likely error source than the computer simulation.) 


III. PREPARATION OF CHARACTER REPRESENTATIONS 


The images used by SCRIPT are prepared in the 
following manner: character specimens are placed in a 
scanning device which scans the printed area with a 
tiny spot of light. At each position of the spot, logical 
circuitry assigns the sensor output a digital value (1 or 
0) according to such factors as reflectance level and 
rate of change of reflectance. Each bit (1 or 0) repre- 
sents an average evaluation over one position of a 
48X60 matrix, so that 2880 bits are obtained over a 
single character. These are again automatically con- 
solidated by a factor of 4 in each direction, using com- 
plex data consolidation techniques. The final 12X15 
matrix is punched by a scanner-driven punch onto a 
binary card, to be read through the 704’s on-line card 
reader by SCRIPT. This process is shown in Fig. 1. 


DATA INTO SHIFT 
SCANNER CONSOLIDATION REGISTER fof] Yofofa] yf] 
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Since the scanning and data consolidation technique 
are not part of the SCRIPT project, and since machine 
circuitry will face the same 12X15 matrix of consoli- 
dated information as the simulator in SCRPT, the data 
collection and reduction techniques will not be treated 
in this report. 


IV. EARLY APPLICATIONS OF THE SCRIPT ProGRAM 


SCRIPT has been used in two distinct development 
efforts: exploratory work in the optical recognition of 
hand-written numerals, and refining and evaluating 
logic for a machine to optically recognize IBM 407 
printing. These have had different goals: the simulated 
handwriting recognition instrument produced volumes 
of statistics and patterns for its designers; the printer 
effort produced sophisticated estimates of the per- 
formance of preliminary logic configurations, which sug- 
gested improvements to this logic. 

For both simulations, however, the underlying phi- 
losophy of operation was the same. A rough recognition 
logic was synthesized by design engineers, using crude 
frequency tables of the characters in a reduced alphabet 
(only the ten numerals plus a few special characters). 
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By various devices, digital character representations 


- were collected and then transcribed onto cards for input 


to the computer. These samples were stored per- 
manently on magnetic tape by an independent com- 
puter program.! 

During each run of the main program, the logic was 
simulated in the computer and used to judge these 
samples. When the logic passed samples properly, that 
is, when it identified good samples according to their 
prepunched identification and rejected illegible samples, 
SCRIPT recorded proper operation of the logic. 
(“Legibility” of samples was judged by a technician 
who observed each reduced sample on a video screen 
and key-punched the appropriate character onto the 
binary card representing this sample. If the technician 
felt that the sample was ambiguous or unintelligible, 
he would indicate this condition by a special punch or 
by deleting the pattern card for this sample.) For ex- 
ample, SCRIPT was capable of calculating, loosely, the 
effectiveness of the individual logic tests; a test which 
always passed when a “legible” sample passed its tree 
of logic properly (7.e., not as a conflict) was judged a 
“sood” test on the grounds of utility. Likewise, a test 
which always failed when its tree of logic failed to rec- 
ognize some other character was adjudged “good” for 
its inhibiting effect. 

When the logic passed or failed samples improperly, 
SCRIPT recorded a logic malfunction; any test which 
was failure-causing needed to be altered or deleted. 
After processing a certain block of samples, SCRIPT 
stopped the simulation cycling, printed out the sum- 
mary statistics tabulated, and made whatever statistical 
decisions the logic designer had specified for the tests 
and logic. 

After processing the block of samples and summariz- 
ing the performance of the logic, the computer effort 
was complete; then, by selecting the failure-causing 
tests on a statistical basis, altering or replacing them in 
some reasonable way, and reprocessing the sample, it 
was possible to determine what improvement (if any) 
was made. Perhaps the computer could automatically 
perform some logic modification ; however, designer and 


_ programmer experience in altering logic is insufficient 


to encourage automation of this procedure at present. 

For the 407-printing effort, SCRIPT has made in- 
creasingly elaborate evaluations. A robot recognition 
device is being used to scan thousands of character 
representations daily; whenever it misrecognizes a sam- 
ple, a binary card is punched with the pattern and with 
the partial identification.” The robot is a prototype 
machine, plus a special output device to prepare 
punched cards or magnetic tape for SORIE LT, such-a 


1 Current investigations include generating images as before, 
then transcribing them directly onto magnetic tape. ‘ 

2 Often there is no way of identifying samples except visually. 
Since this requires visual inspection and keypunching the computer 


- program can evaluate both unidentified and identified samples. 
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robot is not essential to the usage of SCRIPT, but it 
enables the logic designer to obtain realistic patterns, 
particularly those patterns which the present logic, im- 
plemented in hardware on the robot, has misrecognized. 
These patterns are then evaluated by SCRIPT using the 
same logic or a modification; when sufficient improve- 
ments have been found, the logic of the robot is ready to 
be updated. Thus, the program helps improve the re- 
liability of a partially successful device without the 
necessity of building a model to test each new develop- 
ment in the logic. 


V. THE SCRIPT Stmutation Process 


There are six major components of the SCRIPT 
simulator: 


1) Input data, in a matrix array of binary bits 
(1=black, 0=white). (The method of generating 
these data was explained in Section II.) 

Trees of logic, one tree corresponding to the logic 
for recognizing one character. 

A 180-position shift register. 

Decision machinery, which interrupts the simula- 
tion loop whenever a new pattern is read in or 
when data are to be gathered. 

Additional trees of logic, viz., a pretest and alter- 
nate tests. 

6) Success and failure margin calculations. 


2) 


3) 
4) 


5) 


A. Logic Trees 


Trees of logic are represented to SCRIPT as a deck 
of Hollerith-punched cards, each card containing the 
symbolic name of a logical block, its fan-in of other sym- 
bolic names, and its logical function. Each tree is an 
independent logical structure, composed of logic blocks 
of the m/n type—m inputs are needed for an output 
signal, out of m inputs available. (The values of m are 
not restricted to 0, 1, 2, »—1, and z, although practical 
circuitry may dicate the latter values.*) The trees of 
logic are evaluated in parallel in the hardware device, 
the same binary bit entering the trees for several char- 
acters if useful to each of the corresponding logical de- 
cisions. A bit to the left side of the logic grid might enter 
“8” logic as a positive input, but might enter “3” logic as 
an inverted, inhibiting input. Any desired input may be 
inverted, as may the output of a block after evaluation. 


3 For example, one logic-development group defines a block as an 
AND, an OR, an INVERT, or a special logic circuit. This special 
logic circuit provides an output for either 2/n inputs or (n—1)/n 
inputs, where 7 <16. Thus, if the inputs to level 3 (which come from 
level 4) are labeled A, B, C, D,---, then a part of level 3 might 


appear as: 
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where triangles indicate AND or special circuits, and the semicircle 
indicates OR circuits. 
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The blocks are arranged into levels so that the 
highest-level blocks have all their inputs from the pat- 
tern matrix, those of the next level have inputs from the 
highest level (and possibly the pattern matrix), and so 
on. The decision level is level one, where each block de- 
termines the success or failure of its entire logical tree. 
Up to nine levels of logic are provided with the present 
program, an adequate maximum thus far. 

The logic designer can arrange inputs from the pat- 
tern matrix and from higher-level blocks into any de- 
sired configuration to feed lower-level blocks, corre- 
sponding to the degree of complexity in decision-mak- 
ing. He might, for example, specify that 100 of the 180 
available inputs be logically treated by level-9 logic; 
level-9 outputs, and, say 60 of the remaining 80 inputs 
might be treated by level-8 logic; and 10 of the last 20 
inputs might be combined with level-8 and level-9 in- 
puts by the level-7 logic. The last 10 potential inputs 
might be ignored as ineffectual for identifying any char- 
aCUete 

The flexibility of the foregoing structure is amplified 
by “zone logic,” a logical structure to locate the charac- 
teristics common to several characters simultaneously. 
For example, several bits from the pattern matrix 
might be logically examined for arc (or absence of arc), 
crossing, rectilinearity, and so on. The zone logic would 
present outputs to the entire alphabet of characters at 
once, effecting a large saving in cost of components in 
the hardware device. In SCRIPT, nine levels of zone 
logic are available, making 18 levels of logic available in 
all between the pattern matrix and the decision level for 
each tree. 


B. Shift Register 


The shift register is a realistic simulation of the move- 
ment of a scanning device. Schematically, the recogni- 
tion logic looks as shown in Fig. 2. The physical scan- 
ning device searches vertical columns of the image field, 
sending information to a buffer. After one column has 
been scanned, the scanner moves one field to the left in 
a motion as shown in Fig. 3. 
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Thus, if the cells of the image are designated 
Al Bier wvid 
A2 B2 


A15 + “Bis eee DElS: 


three consecutive contents of the shift register might be 


0 | mis | mie | | ati | Las | | a2 
M15 | M14 | | At 
wid | M13 | | at | 0 


As the bits move to the left through the 180-position 
shift register, they are sampled by the inputs to the 
trees of logic. For example, one input to a certain logic 
block might come from the 180th position of the register, 
and would thus contain bits A2 and A1 of the image at 
the first two of the above three sample times. There- 
after, the position would contain 0 (7.e., white) until 
the next character in the line of printing appeared under 
the scanner. 

C. Decision Machinery 

If, in a manufactured character-recognition device, a 
sample does not set at least one “success” latch (7.e., 
pass at least one logic tree) during the shifting, it is a 
failure; the recognition device then rejects the paper 
document or takes some similar action. SCRIPT has 
the ability to record “near passes,” and the pattern 
can be reprocessed to extract substantial information 
about what caused its failure. (Of course, if the pattern 
is sufficiently illegible, recognition is not desirable, but 
we are assuming that all patterns used in logic de- 
velopment are “reasonable.”) 

If the sample passes the logic for exactly one char- 
acter, then it is a success. Ordinarily, this is of little 
statistical interest except as a simple numerical count. 
However, information on specific logic configurations 
particularly useful to the decision process is valuable for 
circuit minimization and for strengthening the success 
margin. If a given logic block never actively contributes 
to the decision-making process and performs so in- 
hibiting function to prevent an incorrect process, the 
block should be altered or omitted. Elsewhere, another 
block might be strengthened by a slight alteration, so 
that it would pass more frequently when the entire pat- 
tern was successful; this too would represent a strength- 
ening of the logic. If a sample is identified by the simu- 
lated logic as more than one character, it is a conflict. 
In addition, there is the possibility of single substitu- 
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_ tions if the samples are identified to SCRIPT! 

Single substitutions must be avoided in every rea- 
sonable way on a production machine, since they repre- 
sent grave output errors; detection is mandatory, even 
if more failing images must be incurred as the penalty 
for screening out potential substitutions. For either sub- 
stitutions or conflicts, SCRIPT is capable of counting 
test performances and other data on the offending 
logics. 


D. Pre-test and Alternate Tests 


The pre-test is a computational device with no cir- 
cuitry analog. It has saved over 80 per cent of the po- 
tential simulation time by eliminating those positions of 
the pattern which could never pass any logic. The pre- 
test is a small tree of logic which looks for “central 
positions” of the pattern in the shift register. Essen- 
tially, it looks for a predominantly dark central area 
with white borders. If a pattern is not “centered” in the 
shift register, the logical trees will expect black bits 
where there are none and failure will invariably result 
at these positions. 

For the simulation of a 407-printing recognition de- 
vice, 60 shift positions were specified by the logic de- 
signer. The pre-test permitted logical-tree evaluations 
at only about six of these positions. Since the pre-test 
was barely one per cent of the size of the main logic, 
the simulation time was largely restricted to potential 
recognitions. 

The alternate tests are an option to indicate where the 
logic being simulated could best be improved. For any 
test of the logic being simulated, several alternate 
tests can be supplied. Essentially, they are dead-end 
tests which have no circuitry analog and no decision 
function in SCRIPT; they use more or less the same 
inputs as the main logic test (see Fig. 4). 


Tests 2AA1, 2AA2, and 2AA3 are alternates to test 
2AA. Whenever the logical tree using 2AA passes or 
nearly passes some pattern, the alternate tests will be 
evaluated. Since each logical tree rarely passes a pat- 
tern, considering the number of characters in the al- 
phabet and the number of positions at which each 
sample is tested, alternate-test evaluation consumes a 
negligible amount of the simulation time. 

If, for example, test 2AA2 passes (z.e., yields an out- 
put) more often than do 2AA, 2AA1, or 2AA3 when the 


4 An example of a “single substitution” would be an image which 
is visually identifiable as a “3,” but only passed “5” logic. 
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pattern is correctly recognized, and if it does not pass 
patterns which should be screened out, it is clearly a 
superior choice. The logic designer can introduce it into 
the main flow of a subsequent modified logic. 


EF. Success- and Fatlure-Margin Calculations 


A rough margin of failure or success is calculated 
for each pattern against each logic at each shift position 
where the pre-test was passed. If this margin is signifi- 
cantly small, additional data-processing techniques can 
be used on the pattern. 

For example, if a pattern never passes any logic dur- 
ing the shifting, it is a failure. However, since these 
test patterns are assumed to be legible, it is desirable to 
retrieve information about the causes of failure. 
SCRIPT implements the following assumption: if a 
pattern is “close” to passing a logic properly, and if the 
shift positions where it came close are known, then the 
performance of the individual tests at these positions is 
significant. Those tests which contributed to the failure 
of the logical tree should be relaxed or replaced. 

For failing patterns, then, the margin of failure is 
significant; whenever it is “low,” information should be 
gathered. However, a pattern is not known to be a 
failure until the shifting is completed. Thus, the pro- 
gram must either completely rerun a failing pattern in 
some information-gathering mode or it must save 
sufficient data during its initial processing of the pat- 
tern to permit a restricted rerun, returning to gather 
test data at the crucial positions only. 

SCRIPT uses the latter strategy, summing the in- 
dividual-test failure margins as the margin for an en- 
tire logic. Thus, at each shift position, 13 such margin- 
sums are calculated for the 13-character alphabet. If 
any are significantly low, the character and shift posi- 
tions are recorded for later processing. In detail, the 
failure margins are calculated as follows: 


1) Certain tests have been idertified as being im- 
portant to the decision. (In the 407 effort, all tests 
below the third level were used.) 

2) At the time that these tests are evaluated against 
a pattern, the margins of failure are calculated 
and accumulated. For example, if some test re- 
quires three inputs to pass, but only receives one 
input, a failure margin of two is recorded. If the 
same test receives three or more inputs—and thus 
passes—no failure margin is recorded. Unim- 
portant tests [by the designation in 1)| do not 
enter the sum. 

3) If the pattern passes some logic, then its failure- 
margin sum is meaningless. 


During the effort to polish 407 logic, a failure-margin 
limit of one or two provided satisfactory information on 
failing patterns; only a few patterns never came within 
two “important” inputs of passing the proper logic. 
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This limit is a parameter specified to SCRIPT by the 
design engineer; it represents his estimate of how 
many important tests may fail, and by how much, for 
the pattern to have “barely missed.” Since the trees of 
logic may vary considerably between characters of the 
alphabet, a vector of these failure-margin limits is 
specified by the design engineer, one limit correspond- 
ing to each tree. The determination of the limits is left 
to the design engineer, since it is he who identifies the 
crucial tests from which the failure margins are cal- 
culated. 

Another strategy—used successfully on the hand- 
writing effort—was to let the computer pick those shift 
positions of a failing pattern for which the failure mar- 
gin was smallest, without specifying an upper bound. 
In this case, the designer specified that only the best 
five positions, for example, were to be re-examined. 

Margins of success are calculated for successful pat- 
terns in similar ways. The objectives of success-margin 
calculations are to eliminate misrecognitions on the one 
hand and to strengthen correct recognitions on the 
other hand. The margin of success for a pattern is the 
sum of the excesses of successful crucial tests. (These 
tests are the same designer-identified tests used for 
failure-margin calculations.) Thus, if a crucial test failed 
or passed exactly (e.g., for a normal AND block), no 
margin would be accumulated; if a 3-of-4 test received 
four positive inputs, a margin of one would be recorded, 
and so on. 

To conserve processing speed, the compiled sequence 
of logic is re-entered only at the SCRIPT command 
where evaluation of the crucial tests commences. That 
is, the higher-level test results at this shift position are 
still in their counters [see 1) above] and the logic needs 
to be rerun in the success-margin mode only from the 
third level down. Since failure is more common than 
success (only one logical tree of 13 is likely to pass, at 
most) the patterns are evaluated first in the failure- 
margin mode. If they pass, they are then briefly re- 
evaluated in the success-margin mode. (Both margins 
could be evaluated simultaneously, but the computing 
time would be considerably lengthened and the success- 
margin sums would be valueless for the failures—over 
90 per cent of the evaluations.) 

The same limits are used for identifying nearly-fail- 
ing successes and nearly-passing failures, although this 
is not a necessary tactic. The ultimate objective of all 
the “near” calculations is to sharpen the focus of the 
logic on characters which are neither strong successes 
nor strong failures. When a good logic system is being 
refined, the incidence of failure or misrecognition is ex- 
tremely low for normal patterns, and this technique may 
prove of extraordinary value; it can seek out potential 
failures and conflicts and adjust the logic accordingly. 

The typical output, shown in Table I, illustrates the 
function of the decision machinery and the margin 
calculations. It permits the logic designer to study in- 
dividual patterns rapidly and effectively. 
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TABLE I 
; Conflict Identification | Character 3. Writer A Type Font u 

Serial No. 12345 

Shift Position 2 6 6 39 
Characters Passed Sree) ko) 5 
Margin of Success aye lete? 0 
Near Conflicts § 3S 
Margin of Failure 2 Ae ae 


The first two lines identify the pattern, and show it 
was a “conflict.” The block of data which follows de- 
scribes its performance against all logic systems to which 
it was applied.’ The third line enumerates those shift 
positions at which the image passed or came crucially 
close to passing the logic for various characters. The 
fourth and fifth lines indicate which logic (if any) the 
image passed, and by what margins. The last two lines 
indicate near passes (conflicts) and the failure margins. 
Thus, this pattern passed as “3” by a margin of one and 
failed “5” logic by a margin of two at shift-position 2, 
passed both “5” and “3” logic at position 6, and so forth. 


VI. DETAILS OF THE IBM 704 Script PROGRAM 
The computer program divides into five phases: 


1. Input (header cards and logic cards). 

2. Compilation of the logic. 

3. Initialization, including set-up of the processing 
and output options. 

4, Simulation loop, plus per-character output and 
data collection. 

5. Summaries. 


A. Input 


In the first phase, cards of six different types are read 
he 


1) Header cards, specifying the dimensions of the 
data grid, the alphabet being used, the date, the 
options of pre-test and alternate-test usage, and 
the output options to be used. 

2) Cards specifying the logical trees. These cards con- 
tain the following information about each block: 
number of inputs; number of energized inputs re- 
quired for success; level of the block within its tree 
of logic; whether the output is to be inverted; and 
the list of inputs—both from the pattern matrix 
or from other blocks including indicators for in- 
version if necessary. During the compilation of 
logic, SCRIPT automatically checks the internal 
coherence of the logic by searching for the def- 
inition of each input; it must be either another 


® This block format can be repeated if the volume of data exceeds 
one horizontal band of printing. 

° These cards are placed on magnetic tape off-line and read in 
from tape to conserve processing speed. 
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higher-level test or a bit from the pattern matrix. 

3) Similar cards for the pre-test. 

4) Similar cards for alternate tests. If desirable, 
small trees of logic can be constructed to feed 
these alternate tests with the whole apparatus con- 
tained in the alternate-test framework. Thus, al- 
ternate tests can have inputs from three sources: 
the pattern matrix, the main logic, and from other, 
higher-level, alternate tests. Comparisons of al- 
ternate and main-logic tests are made only for 
appropriately-identified alternate tests. 

5) The shift register movement being simulated, in 
terms of its alphameric coordinates. Fig. 5 dis- 


K+ 1+4-<—— PATTERN 


PactoN etc 
STSSae LOGIC 


Fig. 5—The logic is positioned at position X3 
with respect to the pattern. 


plays the correspondence between pattern and 
logic. During the shifting, it is actually the logical 
search that moves; the pattern is unpacked into a 
static buffer. This aecomplishes the same move- 
ment as if the pattern moved since only the rela- 
tive positioning is important. 

6) The limiting margins for near-success and near- 
failure (see Section IV-E). 


B. Logic Compilation 


Each tree of logic is compiled into an efficient se- 
quence of 704 instructions. These sequences are entered 
by the 704’s usual linkage direction (TSX exit, return 
by tagged transfer). The sequences are stacked in cores, 
one immediately following the other. Thus, the only 
information needed to enter a sequence is its first ad- 
dress. The list of addresses is accumulated during com- 
pilation: the pre-test first address, the first address of 
zone logic, the first address of 0-logic, 1-logic, etc., 
and of the alternate-test logic associated with each tree. 

The compilation of logic is a one-time affair for each 
computer approach (it can be saved by dumping on 
tape, to be reloaded if needed for subsequent runs; for 
example, the SHARE 704 routine ELSAV1 might be 
used). For the 400 logic blocks of the 407-printing 
study, compilation time has been less than three min- 


utes. 
The basic module of 704 instructions to test one block 


is as follows: 

1) CLA (Call up the contents of a cell, this 
value counting the number of inverted 
inputs to the block.) 

2) ADD (Add in the binary value of the first un- 
inverted input.) 
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TAL 


ADD (Add in the binary value of the second 
uninverted input.) 


(Subtract the value of the first inverted 
input, if any.) 


Ww 


) SUB 


(Subtract the contents of a cell, the 
contents being the numerator of m/n.) 
(Set the success indication for the test; 
the test itself will follow and, if it fails, 
the output indication will be reset to 
failure.) 

(The accumulation of inputs and test- 
ing has been in the decrement field; the 
test is successful if the accumulator is 
non-negative, and the counter is then 
left set by 5). The “set” value remains 
available in the multiplier-quotient 
register during the entire simulation.) 
(Reset the success indicator to zero— 
failure—if the accumulated value is 
negative.) 


4) SUB 


5) STO 


6) TPL *-+-2 


(ps RIA 


In 1), the accumulator is reset to the number of in- 
verted inputs to the block (possibly zero). In the in- 
structions 2), the inputs are brought in, one by one. 
They are either PZE or PZE, , 1, according to whether 
the preceding (higher-level) test failed or passed, or 
according to the “color” (white or black) of an input 
from the matrix. 

If the inputs are inverted, the combination of instruc- 
tions 1) and 3) will bring in the proper value; 7.e., for 
each inverted input, either 1—0=1 or 1—1=0, where 
the two numbers on the left side of either equation 
represent the values from instructions 1) and 3), re- 
spectively. 

Each bit of the pattern itself is unpacked into a 
single 704 word: 1 or 0 in the decrement field corre- 
sponding to black or white, respectively. The unpacked 
pattern will be termed “in the home position.” 

Now, the pattern-matrix inputs correspond to in- 
structions 2) of the following form: 


INPUT pac 
INPUT2,C 


ADD 
ADD 


where INPUT1 and INPUT2 are the absolute ad- 
dresses of the unpacked bits. The pattern has been un- 
packed by columns into a sequence of consecutive core- 
storage locations; on either side of this block of storage, 
“white” borders of some 100 locations have been cleared 
to zero. Thus, the descending storage locations would 
contain the following quantities: 0, ---, 0, (bit At), 
(bit A2), ---, (bit An), (bit Bi); (bit Bl), a p(t 
Nn), 0, 0, --:, 0, where “n” represents the vertical 
dimension and “N” the right-most alphabet coordinate. 

If the pattern is to be tested by the logic at the home 
position (z.e., position A1), index-register C is pre-set to 
0. Thus, each input will be addressed at its unpacked 
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location. If the pattern is to be tested at position A2, 
index register C is set to 1. Assume that the vertical 
dimension is 15. Then, to test the pattern at B1, index 
register C is set to 15; for testing at position B3, index 
register C is 17, etc. As shown in Fig. 5, index register C 
would be (—3)*(15)+2 = —43. 

For inverted inputs, the addressing is exactly the 
same. If the test is at level one, the decision level, in- 
struction 6) is modified and an instruction 8) added: 


Oe eae 3 
LjeoEZ (Reset the test indication as usual.) 
Sal SEIN] 2 (Turn on a sense indicator, which 


can be tested by the main program 
when control is returned from the 
simulator. If the indicator is on, 
non-recognition has occurred for 
this logical tree.) 


For those crucial tests whose failure or success mar- 
gins can enter the accumulated margin, instructions 


(9)—(15) are added: 


Ooi, 3 (If another indicator has been pre- 
set by the main program, the margin 
of success is to be calculated, and 
the testing of the indicator causes a 
skip to 11).) 

*+5 (Otherwise, transfer to another 
branch of instructions to accumu- 
late the failure margin.) 

LI) SSsEN 3 (Restore the success-mode indicator, 
which has been reset by testing in 
9).) 

*+4 (The accumulator still contains the 

signed margin of overfulfillment or 

underfulfillment. Exit if negative.) 

(Since the success mode used this 

branch, the test was over-fulfilled. 

Add the margin to index-register 

B.) 

*12,B,, 

*—2 (From instruction 10), the failure- 
mode branch involves a test. 


10) TRA 


12) TMI 


1s)eS RDieteet 


14) TXI 
15) TMI 


The complete logic for one tree would appear as follows: 


CLA— PNIERY* POINT 
A highest-level test for this logic. 

STZ— 

CLA— Another highest-level test, or a lower-level 
ESI. 

STZ— 

os Other tests, decreasing by level. 
STZ— 
SiuN)2 The decision is made. 


TRA 1, A Return to the “driver” program, with 


index-register B containing the failure or 
success margin. 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


December 


The instructions to enter this sequence are: 


LXA SHIFT, C (Set index register C to the shift- 
position value.) 

CLA ADDRESS (Place the entry-point address into 
the TSX instruction. Ordinarily, 
this is itself an indexed quantity.) 

Sex ES 

LXA ZERO, B (Zero the margin accumulator.) 


LDQ 1INDEC (Supply the counter setter.) 
LEEDS , A (Exit to compiled logic.) 
Sisk 2 


TRA SUCCESS (If a success.) 
(Failure) (If a failure.) 


In addition, sense light 3 must also be set for the de- 
sired mode in advance of the TSX command. 


C. Initialization 

After the logic has been compiled, the header-card 
data is used to set gates and subroutines for the collec- 
tion of information during simulation. Of the large 
number of output options available, the logic designer 
will ordinarily use only a few, aimed at the aspects of 
his logic which need careful study. The gates and sub- 
routines are self-setting and are triggered by 30 one- 
character fields on the header card. 

A this point, just before simultation begins, two 
options are available: pattern skipping on the input 
tape (if a former run is to be completed), and dumping 
the entire core-storage record onto a self-loading tape 
(in case of subsequent machine failure or other interup- 
tion to the run). At any point during processing, throw- 
ing a console switch will cause the simulator to stop 
cycling patterns, skip over the data tape to its end of 
file, and again make available the two options of record- 
skipping and machine-dumping. Alternatively, a third 
option—to terminate processing and summarize the 
statistics—can be keyed in by another switch. 


D. Simulation 


The simulation loop is a small subprogram that reads 
in patterns, unpacks them, enters the various testing 
sequences, and tests the status of each return to deter- 
mine what other testing and data processing are needed. 
The flow chart of the simulator is shown in Fig. 6; the 
output data and summaries are described in Section VII. 

Using the 400-block logic of the 407-printing project, 
SCRIPT cycled one pattern through 60 shift positions, 
evaluated the pre-test at all of these positions, evaluated 
the 13 trees of logic at the positions passing the pre-test 
(three to ten positions, typically), and prepared the out- 
put data for a BCD tape—all in one second. The writing 
of the output tape varied, according to the volume of 
statistics and especially to the option of the per-pattern 
output, from 0-7 seconds per-pattern. 
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BINARY 
INPUT 
RECORD 


INITIALIZE THE 
FAILURE/SUCCESS 
INDICATORS AND 
THE POSITION INDEX 


IF SO INSTRUCTED 
RE-RUN PATTERN A- 


PATTERN IDENTI- 
FIED AS SUCCESS, 
FAILURE OR CON- 
FLICT; ENTER THE 
DATA PROCESSING 
PHASE 


MORE 
POSITIONS TO 
TEST? 


NECESSARY 


INITIALIZE 
THE CHARACTER 
COUNTER 


SUCCESS 


TO NEXT 
POSITION 


SET/TEST THE SUCCESS 
CONFLICT LATCH. 


EVALUATE 
THE LOGIC FOR 
ONE CHARACTER 
WITH A 
‘AILURE MARGIN 


STORE THE FAIL- 
URE MARGIN IF 
SIGNIFICANT 


IF SIGNIFICANT 


1s 
ONE POSITION 
COMPLETELY 
TESTED? 


Fig. 6. 


VII. DETAILS OF THE SAMPLE DaTA; 
OTHER POSSIBILITIES 


It is important that the samples used in this logic- 
development procedure be realistic. Three other aspects 
of the choice of samples are also significant to logic de- 
velopment: 1) Should new data be continually tried 
against an evolving logic? 2) If not, should the entire 
file of retained data be tried against each modification 
of the logic? 3) Can random samples of the retained file 
accomplish satisfactory testing? Or can misrecognized 
samples from an earlier computer pass? Or can realistic 
samples be constructed from earlier patterns by random 
alterations or by the use of frequency-table sampling? 
The problem of generating realistic samples was solved 
by transcribing the scanner output onto punched cards. 
In other words, paper documents with sample printing 
or handwriting were placed under the scanner, and the 
output was punched directly into a binary card. 

However, this technique was not entirely satisfactory 
for polishing the already-workable logic for 407 print- 
ing. The percentage of misrecognized samples dropped 
to such a low figure that the computer simulation was 
wasted in correctly passing satisfactory samples. Thus, 
the prototype recognition device, implementing an early 
version of the logic, was an important tool for refining 
the logic. This robot was designed for punched-card 
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output, the cards showing misrecognized patterns in 
reduced (12 X15) form, and furnishing a good supply of 
difficult, critical patterns. 

The limited robot output might not be entirely 
satisfactory, since it could bias the logic toward the 
difficult samples which the robot logic misrecognized. 
Thus, the logic might be altered to the extent that it 
would misrecognize samples that originally had passed. 
Fortunately, the use of difficult samples has not per- 
ceptibly biased the logic to date. 

The cost of generating new data is important to the 
development strategy. At the start, the 407 effort relied 
on 1000-2000 samples of the 13-character alphabet, us- 
ing a subset of these samples for each run. Using the 
robot, new data with high diagnostic value have be- 
come available; the present strategy is to take several 
thousand rejects per day from the robot and evaluate 
them with the 704 image of the logic to find where im- 
provements should be made. 

Other logic-development efforts have stored larger or 
smaller initial files of data; the larger the file, the better 
the reliability of the logic, but also the higher the ex- 
pense of gathering and processing the data. 

It is feasible to generate all data as needed, perhaps 
feeding them to a real-time simulation on the com- 
puter. As a permanent strategy, however, random sam- 
pling of a large file would seem somewhat more satisfac- 
tory; this would depend, of course, on the speed of com- 
puter access to the large file. Another strategy might be 
the automatic generation of new patterns by the com- 
puter; a variant of this technique is constructing fre- 
quency tables from the original patterns, thereby ob- 
taining a statistical model of each character of the al- 
phabet. 

For any future logic-development effort which begins 
without the benefit of realistic samples—without a 
scanner, for example—the use of ideal characters is 
recommended. Beginning with a reasonable repre- 
sentation of a visual image, one can convert this picture 
to a pattern of bits and try one or more of the above 
techniques, such as controlled aberration of the pattern, 
to multiply the number of samples. 


VIII. DETAILS OF THE OUTPUT 


The output of SCRIPT fulfills two broad objectives: 
to demonstrate the ability of a proposed logical system 
to identify realistic character patterns, and to suggest, 
by statistics computed from these patterns, where im- 
provements in the logic might best be made. 

The output options of the present program represent 
techniques which have survived these tests of utility; 
several other techniques have been discarded as being 
less useful, still other techniques are likely to be useful 
but are too expensive for present computers. All three 
categories will be discussed in this section. 
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SCRIPT delivers outputs in one of two primary 
modes: 


1) Identified patterns (the tape record specifies the 
character). 
2) Unidentified patterns (the computer must try 
to identify the pattern as a character). 
The file of patterns is then divided into three 
categories by the logic: 
1) Failures 
2) Successes 
3) Conflicts (recognition as more than one 
character; in the identified-patterns mode, 
single substitutions can be detected, but 
they are classified as “successes” in the un- 
identified-patterns mode.) 


Each category is further divisible according to which 
character each pattern is (or seems to be). Each set of 
individual-character results can be subdivided by the 
near-failures (if any) of characters that passed and by 
the near-successes (if any) of characters that failed. 
With SCRIPT, the results of individual tests can be 
collected and displayed according to any desirable sub- 
category. 

The entire mass of data for one pattern is available 
after cycling and testing it against the simulated logic. 
During the initial shifting a record is kept of the crucial 
shift positions: where characters passed, by how much, 
and where and how they almost passed. After the pat- 
tern is identified as a failure, success, or conflict, a brief 
return can be made to the crucial shift positions and 
trees of logic if data is to be gathered on the individual 
tests or their alternates. 

The heavier volume of data resulting from the in- 
dividual-test results requires intermediate storage dur- 
ing the processing of a large file of patterns. This data 
is dumped onto a binary tape, each record consisting of 
a sequence of 0-1 indicators—representing test failures 
and successes—plus a label to indicate which characters 
have been passed or nearly passed. During the summary 
calculations, when the compiled logic is no longer 
needed, most of core storage can be used to buffer 
in these records and to accumulate statistics. 

To date, both the handwriting and 407 projects have 
concentrated on analysis of the failure and conflict 
statistics, plus the individual-test performances at the 
crucial positions. As the failure and conflict incidences 
drop to tolerable levels, the logic designers expect to 
rely more heavily on the weak-area analyses by the 
“margin calculations” and on the suggestive compari- 
sons generated by the alternate-test statistics. 

With the alternate tests, SCRIPT is capable of pre- 
paring outputs such as is shown in Table II. | 

For this example, the obvious choice of an alternate 
to test 2AA is test 2AA3. It is at least as good as 2AA 
at all crucial positions, and it is better at a substantial 
number of positions. (The designer might want to be 
assured that the substitution of 2AA3 for 2AA would 
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TINGED JU 
SUMMARY OF FAILURES OF THE CHARACTER 3 AT CRUCIAL POSITIONS 


6 Frequency: | Frequency: | Frequency: 
Main Alternate Main Both Main 
Logic Test Passed, Passed Failed, 
Test Name Alternate Or Both Alternate 
Name Failed Failed Passed 

2AA 2AA1 30 50 2 
2AA2 tS wy 15 
2AA3 0 28 54 
2AB 2AB1 0 82 0 
2AB2 1 24 57 
2AB3 3 9 70 


cause no conflicts; for this, he would consult the ap- 
propriate comparison for successful “1”s, DS “Ane. 
etc.) 

The decision for test 2AB is not quite so simple. Al- 
ternate test 2AB1 had an identical performance with 
test 2AB, and it is valueless for the improvement of 
failing “3”s (although it might be better or worse for 
other test-improvement needs). Test 2AB2 was worse 
than 2AB at only one position, and it was substantially 
better at 57 positions. Test 2AB3 was even better, if 
the three additional failures can be tolerated, for it 
gained 70 successes over the original test and 13 over 
the next best test. 

The 704 can be programmed to search these numerical 
summaries, select the best alternate for each test, then— 
if SCRIPT finds an alternate which is superior to the 
original test—recompile the trees of logic and reprocess 
the patterns. A slight variation to save 704 time would 
be torun only those patterns which failed (or conflicted) 
against the appropriate logics, temporarily ignoring the 
possibility of additional conflicts or failures being in- 
duced by the logic changes. 

In addition to test statistics and summaries of the 
performances of the trees of logic, SCRIPT can print 
out pictures of the patterns in any category (e.g., all 
failing “3”s). These patterns are furnished with hori- 
zontal and vertical guides so that the logic designer can 
study specific patterns. [ (See Fig. 7(e). | 


IX. AUTOGENERATION POSSIBILITIES 


The preceding section presented the suggestion that 
SCRIPT select the best alternate tests to replace in- 
ferior tests. The entire procedure of test generation and 
alteration can be automated, although the cost for a 
704 effort of this type appears unreasonable with 
present techniques. 

In order of feasibility and utility, the following steps 
could be taken: 


1) Automate the generation of alternate tests. 

2) Automate the generation of frequency tables from 
the “best” positions of patterns; these tables would 
be used for high-level test correction. 

3) Use these frequency tables in a “symmetric- 
difference” technique to redesign the entire logic. 
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CHARACTER PRE=SHIFT 


TYPE SAMPLE 


UPPER/ 


ID FONT NO LOWER CASE 
1 SUCCESS IDENTIFICATION 3 4 01° 91108 u 
SHIFT POSITION 25 B=2 31 C=2 
CHARACTERS PASSED 3 
MARGIN OF SUCCESS 0 
NEAR CONFLICTS 3 
MARGIN OF FAILURE 1 
SHIFT POSITION 31 c=2 
CHARACTER=3 0 1 2 3 4 5 6 7 8 9 
LEVEL 1 1 © 
LEVEL 2 1 1 1 1 1 1 1 1 1 1 
LEVEL 3 1 @o 1 OF 1 1 1 
LEVEL 4 1 1 

CHARACTER PRE=SHIFT TYPE SAMPLE  UPPER/ 

ID FONT NO LOWER CASE 

2 CONFLICT IDENTIFICATION ©.4 1 01 91108 U 
SHIFT POSITION 18 B=3 32 D=3 24 C=3 
CHARACTERS PASSED 5 = 
MARGIN OF SUCCESS 0 0 
SHIFT POSITION 24 C=3 
CHARACTER={a ) 1 2 3 4 5 6 7 8 9 
LEVEL 1 1 
LEVEL 2 1 1 1 ql 1 1 1 1 1 
LEVEL 3 1 1 1 1 1 1 1 
CHARACTER=4 0 1 2 3 4 5 6 7 8 9 
LEVEL 1 1 
LEVEL 2 i 1 1 1 1 1 i 1 1 1 
SHIFT POSITION 32 0-3 
CHARACTER=2 0 1 2 3 4 5 6 7 8 9 
LEVEL 1 1 
LEVEL 2 1 1 1 1 1 1 1 1 1 
LEVEL 3 1 1 1 1 1 1 0 
SHIFT POSITION 18 B=3 
CHARACTER#=2 0 1 2 3 4 5 6 7 8 9 
LEVEL 1 1 
LEVEL 2 1 1 7 1 1 1 1 i il 
LEVEL 3 0 1 1 1 1 1 7 
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4) Begin with no logic at all (but, necessarily, with 
identified patterns). Center the patterns in a 
matrix by some “bit center-of-mass” technique to 
compile frequency tables for each character. 
Create a rough logic, then proceed as in 2) and 3). 


The generation of alternate tests would depend on 
the collection of individual-test summaries for the 
crucial positions. Troublesome tests might be altered 
in three ways: by raising or lowering the requirements 
on the inputs, by deleting inputs altogether, or by bring- 
ing in new inputs. For the first, it would be relatively 
easy to instruct SCRIPT to change the test-require- 
ments constants; if more successes were desirable, an 
m/n test might be changed to (m—1)/n or (m—2)/n, 
and similarly for more failures of an inhibiting test. 

Toimplement step 2) above, frequency tables for each 
character might be accumulated during the second pass 
against the logic (after the first pass has identified the 
patterns as failures and saved the crucial-position 
identifications). From these tables, high-frequency bits 
might be added to the blocks which they border, and 
low-frequency bits might be deleted from these blocks. 

Step 3) above is an even more sophisticated proce- 
dure. After the frequency tables have been accumulated, 
SCRIPT could use them to entirely recreate the high- 
level blocks. For example, suppose that frequency tables 
have been compiled for all “3”s—both successes and 
failures—at their best shift positions. Then, adjacent 
high-frequency bits can be joined in the two-bit, three- 
bit, or four-bit synthesized tests which are most suc- 
cessful. 

Step 4) is the most formidable technique that we have 
considered. The only inputs to the computer program 
would be identified patterns, plus the complex set of 
decision rules for synthesizing and altering logics. Each 
pattern would be read into the shift-register, centered 
by some reasonable technique, then added bit by bit 
into its character’s frequency counter. These frequency 
counters would be used to generate a highest-level group 
of tests, all of whose inputs would be bits. Then, the 
patterns would be rerun against this loose “logic,” to 
determine the crucial positions of the patterns. (In fact, 
these crucial positions would represent a rough center- 
ing of the patterns against the logic.) Frequency tables 
could again be accumulated on the bits of the pattern 
at these crucial positions, and the entire procedure could 
be iterated. 

When satisfactory highest-level tests have been 
created—and the frequency tables sharpened to define 
each character clearly—the techniques of steps 3) and 
preceding could be used to synthesize and correct the 
lower-level logic. 

Throughout such a highly automated procedure, hu- 
man monitoring would be necessary to be assured 
that the synthesized logic did not take an unreasonable 
form and also to determine when each synthetic or cor- 
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rective procedure had reached a reasonable logic and 
significant gains were no longer likely. 


APPENDIX 
SAMPLE OUTPUTS 


A sample output from SCRIPT will show the great 
detail to which the simulation results can be tabulated. 
This display is unusually elaborate; ordinarily, the logic 
designer will be interested in only some subclass of this 
output. In addition, the logic designer can monitor 
the output during a computer run with SCRIPT, either 
by instructing the 704 operators to accumulate only a 
certain number of pages of elaborate output per file of 
samples or by personally observing the output as it is 
calculated and throwing the appropriate console 
switches. 

The first portion of the sample output, Fig. 7(a), dis- 
plays the performance of a successful character “3.” 
The first line below the column headings describes the 
final computer judgment: a success. Following this 
comes the summary of the character’s performance: 
it came within a margin of 1 of passing 3-logic at shift- 
position 25, and it passed 3-logic with no margin of 
success at shift-position 31. The complete identification 
of the tape sample is unpacked and displayed here, 
1.e., pre-shift, type of font, etc. Note that this character 
passed the proper logic only once—by the narrowest of 
margins—and thus seems “close to failure” in some 
empirical sense. The remainder of the block [Fig. 7(a) | 
is in the form of a matrix array of three values: 0, 1, and 
(blank); these mean respectively that the indicated 
tests failed, passed, or were not used in the logical tree. 
The level index runs vertically, the middle character 


of the test name runs horizontally in ten columns (0— 
9), and the last character of each test name indicates 


the logical tree to which the test belongs. Thus, the 
matrix entry labelled(A)shows that at shift position 31 
(C-2, relative to the home position of the logic, as de- 
fined earlier), test 323 failed. Entries (8) and (C)show 
that tests 243 and 263 passed; the blanks indicate that 
there were two tests at the fourth level, seven at the 
third level, and so on. r 

The second section. of sample ourtput, Fig. 7(b), re- 
cords a conflicting character whose true identification 
is “4,” as indicated at) The dump data shows that the 
character passed [_]-logic and 4-logic at shift position 
24. [_]-logic tests were dumped up to the third level, 
4-logic only up to the second; the dumping levels are 
not controlled by the data, however, but by the header- 
card punching for each character. 

As the dumps and summaries indicate, the character 
passed the conflicting [J-logic three times, the correct 
logic only once. 

Fig. 7(c) is a short diagnostic for the next character. 
Since the character never came within the prescribed 
margin of near-success for any logic during the shifting, 
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SCRIPT printed this information and took no further 
action, 1.e., no statistics were gathered. The character 
was identified on tape as a “4,” as shown in ().. 

Another failing “4” is tabulated in Fig. 7(d). How- 
ever, twice it came within one input of passing “(_]”- 
logic—an undesirable situation—and never came close 
to 4-logic. For failures, all nearly-passing logical trees 
are thus dumped; if two or more logics are “close” at 
one shift position, the format is analogous to that of 
Fig. 7(d). 

In Fig. 7(e), the tape images of the preceding four 
characters are displayed with horizontal and vertical 
guide indexes. (Every other alphabetic index has been 
omitted for legibility.) These images are exactly the 
data which the simulator has just processed and de- 
scribed. For example, one notes that the successful 
“3” of Fig. 7(a)—image 1— is a reasonably recognizable 
character, visually. The next image—the “4” and “(]” 
conflict—certainly is aberrated from the normal con- 
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ception of a 4. The remaining two “4”s are visually 
identifiable; since they came closer to passing the logic 
for “(_]” than for “4,” both 4-logic and [_]-logic should 
be altered if this sample is to be properly recognized. 

The value of individual-test summary statistics be- 
comes increasingly clear as one attempts to alter recog- 
nition logic to fit the requirements of a group of samples. 
The individual-test dumps for each sample can show 
only the reaction of the logic to this one sample—valu- 
able in the earliest stages of logic design, but difficult to 
digest for an aggregate of samples. 
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An Incremental Computer Technique for Solving 
Coordinate-Rotation Equations® 


C. S. DEERING}, MEMBER, IRE, AND C. B. SHELMANT 


Summary—A method for solving coordinate rotation equations 
on an incremental digital computer is described in this paper. The 
method employs the basic incremental techniques used in a digital 
differential analyzer (DDA). However, the method differs from the 
usual DDA approach in that it takes full advantage of the possibilities 
for combining “remainder,” or “R” registers. This results in a reduc- 
tion of digital storage-capacity requirements. Further, techniques are 
employed which, because of the specific nature of the application, 
permit additional reductions in storage requirements. 


to the solution of simultaneous differential 

equations.'* High digital accuracy is obtained 

even though relatively simple arithmetic and control 

circuitry are required. These characteristics may be 

employed to advantage in the solution of coordinate- 
system rotation equations. 

Fig. 1 shows two orthogonal coordinate systems, 


TT HE incremental digital computer is well adapted 


Fig. 1—X YZ and xyz axis systems. 


X VZ and xyz. The orientation of either axis system with 
respect to the other is specified by the following direc- 
tion cosine matrix: 


iy Ri Riz Ris 1, 
ly = |Ro Roo Ros 1, ’ (1) 
1z Ry Rs. Rss 1, 


where the &,; are direction cosines, and 1x, ly, 1z, 1;, 1,, 
and 1, are unit vectors along the axes indicated by the 
subscripts. Both the XYZ and the xyz systems may 
rotate independently with respect to inertial space. A 


* Received by the PGEC, April 3, 1961. 

+ Vought Electronics, a division of Chance Vought Corporation, 
Arlington, Tex. 

NGy Vie Forbes, “Digital Differential Analyzers, an Application 
Manual for Digital and Bush Type Differential Analyzers,” Pacoima, 
Calif.; 1956. 

2 M. Palevsky, “The design of the Bendix digital differential ana- 
lyzer, Proc. IRE, vol. 41, pp. 1352-1356; October, 1953. 

* R. K. Richards, “Arithmetic Operations in Digital Computers,” 
D. Van Nostrand Co., Inc., New York, N. enlO5os 


classical method! may be employed to differentiate (1) 
with respect to time and derive the following set of 


differential equations: 


Ry = Rw: — Riswy + Rows — Rawy (2) 
Rio = Ris@2 — Ruwz + Rewz — Rwy (3) 
Riz = Riuwy — Riws + Roswz — Rsswy (4) 
Ro = Row, — Row, + Rawx — Riuwz (5) 
Roy = Row, — Row, + R3owx — Riowz (6) 
Ro3 = Rowy — Rowe + Rasox — Riswz (7) 
Ra = R322 — R330, + Ruwy — Rowx (8) 
Rao = R33wz — R31wz + Riewy — Roowx (9) 
R33 = R3iwy — R3w2 + Riswy — Rowx. (10) 


In the above equations the quantities w,, w,, and w, are 
the angular velocity components of the xyz axis system. 
The quantities wx, wy, and wz are the angular velocity 
components of the X YZ axis system. The “R-matrix” 
[R;:;] of (1) may be determined by solving (2)—(10), in 
which the six w;,(k=x, y, z, X, Y, Z) are treated as the 
independent variables. 


INCREMENTAL EQUATIONS 


Incremental techniques are employed in the solution 
of (2)—(10). It is first necessary to write the equations 
in differential form. In (2)—(10) du;/dt is substituted for 
each w, (where k denotes the axis), and each equation 
is multiplied through by dé (an increment of time). 
The following set of equations results: 


@Riy = Rieduz — Risdu, + Roiduz — Rsiduy (11) 
€Ri2 = Risduz — Riuduz + Rooduz — Rsedpy (12) 
@Ri; = Rudpy — Risdue + Rasduz — Rasduy > (13) 
AR = Roodu: — Ro3du, + Raidux — Riuiduz (14) 
@Ro = Rosduz — Roidu:+ Ryedux — Rioduz (15) 
@Ro3 = Roiduy — Rooduz + Rssdux — Risduz _—(16) 
@Rai = Roeduz — Rasduy + Riiduy — Rodux (17) 
ARs. = Rssduz — Rsiduz + Risduy — Roodux (18) 
dR33 = Radu, — Rseduz + Risduy — Rosdux. (19) 


TOCG Ion example, H. C. Corben and P. Stehle, “Classical Me- 
chanics,” John Wiley and Sons, Inc., New York, N. Y.; 1950. 
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In the above equations du, may be interpreted as an 
incremental rotation of the respective axis system 
about the & axis; dX;; is the incremental change in R,;. 


COMPUTER MECHANIZATION OF THE EQUATIONS 


In solving the incremental equations, the following 
relationship is implied: 


(Rij) n = CR ned oti (dRij)n 


where (Ri;)n-1 and (Rj), are successive values of Rj; 
before and after the incremental change dR;; occurs. An 
iteration technique is used to compute the &;;. During 
each cycle of the iteration process the nine dk,; are 
each computed from (11)—(19), and the nine &,; are 
incremented as in (20). During any iteration cycle, the 
dR;; are computed in sequence. The arithmetic opera- 
tions specified by (11)—(20) are performed serially by a 
synchronous computer. 


(20) 


Control Functions 


Control functions are necessary to effect the solution 
of the incremental equations. The control functions are 
simply a group of signals which identify the sequence 
of clock pulses within the computing cycle. The group 
of logical and storage elements which are programmed 
to perform these functions is referred to as the control 
unit. The control unit produces the following signals: 
Dy, Doe Cy Ga (Ene Wi, Wa, W3; 155 Ba, aes Bop. Each 
computing cycle is divided into two equal periods D; 
and D>. Both D; and Dz; are equally divided by the 
three periods denoted Ci, C2, and C3. Periods Ci, C2, and 
C; are each equally divided by the “words” Wi, Wo, 
and W3;. Finally, the words consist of twenty-two 
“bits” Bi, Bo, - - - , Bu. A logical “1” occurs successively 
on Bi, Bo, ---:, Bs at the computer clock frequency 
which is 1 Mc. This information is diagrammed in Pig.2. 
Each of the control functions is available at a definite 
location in the computer. The control-function sequence 
is repeated once each computing cycle. 


Equation Solution 


The incremental equations are solved by the method 
indicated in the block diagram of Fig. 3. Some of the 
aspects of this method have been discussed in the 
literature.» Two magnetostrictive delay lines are shown 
near the bottom of Fig. 3. Delay line 1 stores the nine- 
direction cosines of the R-matrix. Each R,; is nineteen 
bits in length. Since the word length is twenty-two bits, 
three of the twenty-two are blank. Two’s complement 
number representation is employed. The sign is de- 
termined by the value of the most significant bit. The 
positions of the R;; are shown as they would exist at 


5 R. E. Sprague, “Fundamental concepts of digital differential 
analyzer method of computation,” Mathematical Tables and Other 
Aids to Computation, vol. 6, pp. 41-49; January, 1952. 
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Fig. 2—Control functions. 
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Fig. 3—Incremental computer block diagram. 


the beginning or at the center of a computing cycle. At 
each clock pulse the R;; advance one bit position to- 
ward the right. The information is inserted into the 
write amplifier at the left end of the line as Sz, “picked 
off” at read amplifier M1, operated on by the computer 
logic and reinserted as Sz, etc. Thus, the information 
circulates continuously with the timing such that ex- 
actly one-half a computing cycle is required for a par- 
ticular R;; to complete its journey around the delay- 
line loop. Intermediate read amplifier pick-offs Mo, Ms, 
Mi, Ms and Mg are located appropriately as required 
to solve (11)—(19). 

Delay line 2 operates in a manner similar to that of 
delay line 1. It circulates the “remainder” portion 
Rijz of each Rij. The Rix are eighteen bits in length. 
Notice that the R.jz are advanced one word time from 
the respective Ri; No intermediate pick-offs are re- 
quired on delay line 2. 

During each word time half of one of the equations 
of the set (11)-(19) is solved. For example, during 
D,C,W, the first two terms on the right side of (11) 
are used to form dRu which is added to Ruz. At D2Gi Wi, 


750 


which occurs exactly nine word-times later, the third 
and fourth terms on the right side of (11) form dku 
which is likewise added to Ruz. At DiCiW; the first two 
terms of (12) are computed to form dR» which is added 
to Rywr. The same procedure is used for all nine equa- 
tions. D,; and D, last for exactly nine words each. Since 
it requires nine word times for the Rj, to circulate 
through the delay line, a particular R;jz is available at 
the end of the line twice during each computing cycle, 
once during D; and once during Dy». During the nine 
word-times of D,, the first two terms of (11)—(19) are 
solved; during the nine word-times of D2, the second 
two terms are solved so that during each computing 
cycle all the terms of (11)—(19) are solved. 

The independent variables employed in the solution 
are the six du; increments. Each of these increments, as 
scaled for the computer, may take on one of three values: 
+1, —1, or zero. These three values may be repre- 
sented by two binary digits, one denoting the existence 
of dux, (duz)e and the other denoting the sign (dux)s. 

The first step in solving half of one of the equations is 
to gate the two R,; of the equation being solved into an 
adder-subtracter. The R;; are gated by the two (dux)e 
specified in the equation. These R,; are available at the 
various pick-off points on delay line 1. The gated &,; 
are denoted K, and kK» in Fig. 3. During D,, Ky is de- 
rived from the first right-hand term ineach of (11)- 
(19) and K» from the second term. Ky, is added to or 
subtracted from K, to form Sx. The binary variable X 
determines whether addition or subtraction is per- 
formed. 

Sx is added to or subtracted from J, in a second 
adder-subtracter to form Sy. The choice of addition or 
subtraction is controlled by Y. During any particular 
word time, JV; is the remainder portion of the R;; being 
up-dated during that word time; 7.e., dR;; is added to 
Riz. X and Y are derived from the two (du;), asso- 
ciated with K, and Ko. 

Most of the remaining operations indicated in Fig. 3 
are concerned with handling the overflows from the 
Rijt which may occur when dR; is added to R,;r. 
Round-off of the &;; is implemented by inserting a “1” 
prior to the start of computation into the most signif- 
icant bit (which is the 2~! bit) of each Rj;,. This inserted 
bit biases an Rj; to the midpoint of its range, so that 
the associated Rj; are always rounded to the least 
significant bit.6 Since two’s complement number repre- 
sentation is used, any overflow from an R;;, is detected 
by the presence of a “1” in the 2° bit position of Sy. 
When a “1” occurs in the 2° position it is deleted from 
Sy to form Sy’, which is inserted back into delay line 2. 
Sy’ is the new Ry;1 after dR;; has been added. The sign 
of an overflow is determined logically. When a positive 


° M. L. Klein, F. K. Williams and H. C. Morgan, “Digital differ- 
ential analyzers,” Instruments and Automation, vol. 30, pp. 1105— 
1109; June, 1957. 
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overflow occurs, a “1” is added to the least significant 
bit of R,;; a “1” is subtracted for a negative overflow. 
The unit adder-subtracter is used for this purpose. 
The position of the least significant bit is determined by 
the overflow scaler in Fig. 3. After the overflow bit has 
been added to or subtracted from R,;, the “updated” 
R;; is applied as Sz to the write amplifier on the left end 
of delay line 1. Thus, the R;; are recirculated in delay 
line 1. Initial conditions are established for the &;; prior 
to computation. 

The computer is designed to process information 
serially, 7.e., one bit at a time. The least significant bit 
is processed first and the most significant, last. Conse- 
quently, in the delay lines the least significant bit of a 
word is stored, or read, first followed by bits of increas- 
ing significance. 


COMPUTER SOLUTIONS 


As the xyz and X YZ axis systems rotate, the angular 
increments of rotation, dur, du,, duz, dux, duy, and duz 
are applied to the computer. Each increment may occur 
at a maximum rate of once per computer cycle. A com- 
puter cycle lasts 396 usec. The size of the increment is 
a function of the ;; scaling and of the overflow scaling. 
In the computer, two’s complement number representa- 
tion is used, and the &;; are restricted so that 


PSR Seon (21) 


In order to insure compliance with (21), the R;; are 
scaled by one-half; for example, when a direction cosine 
has the value unity, the R;; in the computer is one-half. 
In the application in which the computer is used, the 
du, increments are 2—!8 radian (positive or negative, de- 
pending upon the direction of rotation). 

As an example of a computer solution of a coordinate 
rotation, refer to Fig. 4. In Fig. 4 the xyz and X YZ axis 
systems are aligned. The R matrix has “ones” along the 
major diagonal. Corresponding to this condition, the 
initial conditions 


and 


Rie = Ris 


Roy Ro R31 <7 R32 = 0 


are inserted in delay line 1. “Ones” are inserted into the 
most significant bit portions of the R,;, for round-off 
purposes. Computation is started, and on each comput- 
ing cycle, du, du,, and du, increments are applied until 
the xyz system rotates to the position shown in Fig. 5 
with x, y, and z aligned with Y, Z, and X, respectively. 
A total of 316,984 increments on each of duz, du,,and du, 
are required. After rotation, the R;; in the computer are 
compared with the values shown in the matrix in Fig. 5. 
The maximum error in any Aj; is approximately one part 


in 250,000. The rotation requires approximately 126 
seconds. 
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Fig. 5—Axis systems after rotation of xyz system. 


COMPARISON OF STORAGE REQUIREMENTS WITH 
THOSE OF A GENERAL-PURPOSE DDA 


A general-purpose DDA (digital differential analyzer) 
may be used to solve (11)—(19). Ina DDA the basic com- 
puting unit is the integrator which solves for Z in the 


Z= [ vax, 


by summing finite differentials as indicated in the equa- 
tion 


equation 


(22) 


Za Vax. (23) 
Each integrator contains a register, called the Y register, 
which stores the integrand Y. When an incremental 
change dX occurs in X, the number in the Y register is 
added to that in a second register which is denoted the 
R register. The & register stores the least significant, 
or “remainder,” portion of ye raX., The bit capacity 
of the R register is limited, and the “overflow” of the Kk 
register may be accumulated in the Y register of an- 
other integrator. This accumulated overflow is the most 
significant portion of >> VdX. Thus, each DDA inte- 
grator contains two registers, a Y register and an R 
register, and a means for adding the Y register to the R 
register when dX occurs. 
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One integrator of a general-purpose DDA is required 
for each of the terms on the right side of (11)—(19). For 
example, from (11), 


Ry = De dR = De Ridius = Ss Rysduy 
ih Ss Roduz an Ss R3iduy. 


Thus, four integrators are required to compute Ry. It 
follows that thirty-six integrators are needed in the 
solution of all nine R,;. 

The overflows from the R registers of the four inte- 
grators used in solving (11) are accumulated to form 
the most significant portion of Ry. It is necessary to 
temporarily store these overflows until the arithmetic 
unit is ready to add them to the register containing Ru. 
The same holds true for the other eight &;;. Thus, tem- 
porary storage is required for the overflows in addition 
to the sevénty-two storage registers of the thirty-six 
integrators. 

In the mechanization of the equations by the method 
of Fig. 3, the storage requirements are reduced. Instead 
of using separate Y and R registers for each right-hand 
term in (11)—(19), only nine Y and nine & registers are 
used. The nine Y registers are contained in delay line 1 
of Fig. 3. The nine R registers are contained in delay 
line 2. Each R register may have the contents of four Y 
registers added to it, so that in a sense, four & registers 
are combined. The storage requirements for Y and R 
registers are reduced from seventy-two words to eight- 
een words, a factor of four to one. 

The R,;; in delay line 1 are precessed one word time 
from the R;;z in delay line 2, so that, whenever an over- 
flow occurs from the most significant bit position of an 
Rj;1, the Ri; associated with it may immediately accept 
this overflow bit. This removes the necessity for storing 
a large number of overflow bits because each overflow 
is used immediately after it is generated. 


(24) 


CONCLUSION 


An incremental computer has been described which 
solves a set of coordinate rotation equations. Special 
techniques are employed so that the storage require- 
ments have been reduced by a factor of four from those 
of a general-purpose DDA. These techniques can be 
employed in other special-purpose incremental com- 
puters to effect comparable reductions in storage re- 
quirements. 


ACKNOWLEDGMENT 


The authors wish to acknowledge the contributions 
of J. R. Campbell and G. Cocharo in suggesting the in- 
cremental approach and deriving the incremental co- 
ordinate-rotation equations. 


752 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


December 


Two-Level Correlation on an Analog Computer" 


C. L. BECKER}, MEMBER, IRE, AND J. V. WAIT, MEMBER, IRE 


Summary—It has been known for some time that an approximate 
correlation analysis of a random process can be performed using 
quantized values of the signal. The simplest form possible is a two- 
level correlation, wherein merely the polarities of the process at two 
sampling times, 7; and 7,=7,+7 are compared. This report de- 
scribes a study of this technique, using analog-computer circuitry; 
it is an interesting example of how existing electronic analog com- 
puters can implement essentially digital functions in making accurate 
statistical measurements. 


I. INTRODUCTION 


NE extremely important measurement associated 
with the application of statistical techniques to 


analog simulation studies is the determination 
of correlation functions. In many cases, the specialized 
equipment required for performing correlation measure- 
ments is not available at a small analog-computer fa- 
cility. 

An approximate correlation analysis of a stationary 
random process can be performed using quantized val- 
ues of the signal [1], [2]. The simplest form possible is a 
two-level correlation. In this method, the original ran- 
dom process is passed through a clipper or comparator 
as the first step in the correlation analysis. The resulting 
two-level function retains the same zero crossings as the 
original process but, of course, contains no information 
about the amplitude of the original process, except its 
polarity. Nevertheless, a correlation measurement made 
upon the two-level process yields much useful informa- 
tion about the original process, and it can be performed 
in a relatively simple manner. 


Il. System DESCRIPTION 


Fig. 1 shows the elements of a one-bit autocorrelator, 
constructed primarily with analog-computer circuitry; 
circuit details are shown in Fig. 7. The principal ele- 
ments of the system are: 


1) A source of 100-volt push-pull pulses (designated 
the sampling-pulse generator in Fig. 1). These can 
be easily derived from a square-wave generator; 
they provide the signals necessary for resetting the 
timing circuit and operating the holding com- 
parator. The square-wave period determines the 
sampling rate. 

2) An optional input comparator, which is used to 
provide a preamplified and limited input signal at 
point C. This circuit is not essential to the opera- 


* Received by the PGEC, April 30, 1960. 
{ Dept. of Elec. Engrg. University of Santa Clara, Santa Clara, 
os. Formerly Dept. of Elec. Engrg., University of Arizona, Tucson, 
riz. 
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Fig. 1—System block diagram. 


tion of the correlator but provides improved high- 
speed operation when using relatively slow opera- 
tional amplifiers. 

3) An analog multivibrator or holding comparator, 
which is used to store the polarity of the input 
random process X(¢) at the time 7, (this value, 
which will be designated [X,], appears at point 
yoy s 

4) A second free-running comparator, whose output 
(point D) is also either plus or minus 100 volts de- 
pending upon the instantaneous polarity of X(t). 
Its output is thus a two-level random signal desig- 
nated [X(t) ]. 

5) A timing circuit, which is reset at time 7\, and 
which produces a rapid positive rise at time 
T,;=7 +7. This circuit requires one operational 
amplifier. The output (point G) is differentiated 
to produce a positive pulse for injection into the 
output circuit. 

6) A logic circuit, requiring six diodes and a triode, 
whose output F is the binary product of the two 
comparator outputs, Dand E;thatis F=DE+ DE. 

7) An output gating circuit, a simple voltage divider, 
whose output H is positive only if [X,] and 
[X(¢)] are correlated at the time when the 7» 
timing pulse is generated. 

8) Two counters, one for counting the total sample 
or run length, and the other for making the cor- 
relation count. The correlation counter registers 
one count each time the correlator output signal 
H momentarily becomes positive. The run-length 
counter registers one count for each sampling 
interval. 


When built up on a typical analog computer, the sys- 
tem requires six operational amplifiers, two triodes, and 
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fifteen diodes. A thyratron driving circuit was also con- 
structed for each counter. This circuit should initiate 
one count each time the input signal momentarily be- 
comes positive. Out of the six operational amplifiers 
used, one is the optional input comparator, and two 
more are used to obtain the 100-volt push-pull timing 
signals. Only three operational amplifiers are essential 
elements of the system. ! 


III. BAstc SEQUENCE OF OPERATION 


Fig. 2 shows typical waveforms associated with the 
correlator operation. Time is measured from a positive- 
going transition of the square-wave timing voltage A 
(see Fig. 7). In the case shown, the sampling period T 
is one second (corresponding to a 1 cps setting on the 
square-wave generator); the example correlation time 
T is 0.2 second. The sequence of operations is as follows: 


1) When the square-wave timing voltage A swings 
positive, the feedback loop in the analog multi- 
vibrator is turned on, and the output £ is held. 
The timing generator (waveform G) is reset to a 
negative level at the same time. (Square-wave B 
drives the opposite side of the diode gate in the 
multivibrator feedback loop.) In the example 
shown, the above events occur at t=7,=nT; 
n=0, 1, 2,--- ;12.e., the beginning of a sampling 
interval. 

2) The zero crossings of the input are sensed by the 
input comparator, whose output is the two-level 
process shown at C. 

3) Waveform D, the output of the free-running com- 
parator has the same polarity and zero crossings as 
the input random process X(t). 

4) The multivibrator is held for one half a sampling 
interval. It is brought out of hold when the square- 
wave A swings negative. 

5) The outputs of the two comparators (waveforms 
D and £) are combined in the logic circuit to form 
the binary product, F=DE+DE. This signal is 
positive if, and only if, D and £ are both of the 
same polarity. 

6) At time 7;=nT-+1, the output of the timing cir- 
cuit (waveform G) swings positive. This voltage is 
differentiated, and the resulting gate pulse is 
added, along with a negative bias, to the output 
of the logic circuit. This sum appears at the output 
of the correlator (waveform H). Note that H is 
positive only if F is +100 when time 7» occurs. 
Each time H goes positive, one count is registered 
in the correlation counter. 


In the example shown, during the first sampling in- 
terval the value of X(t) at t=7 =0.2 has the same polar- 
ity (+) as it does at t=0. Therefore, the output of the 


1]f the input random process has zero average value, a further 
simplification would be possible which would eliminate one triode 
and four of the diodes (see Section V). 
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Fig. 2—Correlator waveforms, 


logic circuit (F) is positive at £=0.2, and one count is 
registered. This corresponds to a positive correlation 
for the first sample. 

At the beginning of the second sampling interval 
(t=1), the polarity of the random process is again posi- 
tive, but it is negative 7 seconds later (¢=1.2). Thus the 
output at H is not driven positive by the timing pulse, 
and no correlation count is registered. 

During the two sampling intervals diagrammed, the 
run-length counter has registered a count of 2, while the 
correlation counter has registered a count of 1. The se- 
quence is continued until the desired number of samples 
have been taken for the given value of r. 


IV. ANALYsIS OF Two-LEVEL AUTOCORRELATION 
RESULTS 


To demonstrate the results which can be obtained 
with a two-level autocorrelator, the following signals 
were used as inputs to the correlator: 


1) a 10 cps sine wave, 

2) random noise with a 10-radian/sec bandwidth, 

3) random noise with a 20-radian/sec bandwidth, 

4) a 10-cps sine wave plus random noise with a 10- 
radian/sec bandwidth. 


Data were taken for values of t up to 0.2 second. A 
total run length of 2000 samples was taken at each ex- 
perimental point. No detailed analysis of the variance in 
sample counts was made but, in general, it appeared 
that for the input functions analyzed, a run of 1000 or 
2000 samples provides a sufficiently converged mean 
count rate. The number of samples in which [Xi] and 
[X.] were correlated was counted by the correlation 
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Fig. 3—Two-level autocorrelator output: (a) 10-cps sine wave, (b) 
random noise with a 10-radian/sec bandwidth (solid line) and 
with a 20-radian/sec bandwidth (dashed line), (c) 10-cps sine 
wave plus noise in 10-radian/sec bandwidth. 


counter. For each input process, the ratio of these counts 
to the total number of samples is plotted in Fig. 3. When 
the input process has zero mean value, the correspond- 
ing autocorrelation coefficients are found by 


Autocorrelation coefficient 


correlated counts 
=2x = 1/2) 
total samples 


and are shown in Figs. 4and 5. 

In each case, the exact autocorrelation function has 
been computed, as well as the ideal two-level autocor- 
relation function. These results have been plotted on 
the same graph in each case in order to give a direct 
pictorial presentation of how much the simple two-level 
autocorrelation function can be expected to depart from 
the exact function. In addition, the experimental data 
has been plotted on the same graphs to demonstrate 
how closely the machine performance approaches the 
ideal two-level function. 
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Fig. 4—Autocorrelation functions: (a) 10-cps sine wave, (b) ran- 
dom noise with a 10-radian/sec bandwidth, (c) random noise 
with a 20-radian/sec bandwidth. In each case, the solid line 
represents the exact autocorrelation function, the dashed line 
represents the theoretical two-level autocorrelation function, 
and-++represents an experimental point. 


CORRELATION COEFFICIENT 


Fig. 5—Autocorrelation of a 10-cps sine wave plus noise in a 10- 
radian/sec bandwidth. The solid line represents the exact auto- 
correlation function, the dashed line represents the theoretical 


two-level autocorrelation function and + represents an experi- 
mental point. 
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Sine-Wave I nput 


In the case of the 10-cps sine wave, the exact auto: 
correlation function can be found from the well-known 
relationship 


1 T/2 

RG) == f fone + nae 

TJ _77/2 

After substituting and integrating, we have 
R(r) = cos 62.8r. 


Therefore, the autocorrelation function of a sine wave 


‘is a cosine wave of the same frequency, which is a well- 


known result. 

In an ideal two-level autocorrelator, a sine wave is re- 
duced to a square wave of period equal to that of the 
sine wave, and then correlated. In a manner similar to 
the above, it can be shown that the two-level autocorre- 
lation of any periodic function is a triangular wave of 
frequency equal to that of the original function, since 
all periodic functions are reduced to periodic square 
waves in an ideal two-level correlator. 

In Fig. 4(a), it can be seen that the experimental re- 
sults agree very closely with the ideal triangular wave- 
form which was derived for the two-level case. 


Random Noise Input 


The random noise source consisted of a random tele- 
graph wave passed through a first-order low-pass filter 
as shown in Fig. 6. In the Appendix, it is shown that 
the exact autocorrelation function of the filtered random 
telegraph wave is given by 


iy) = eeelzl, 


It is also shown that the two-level autocorrelation func- 
tion for the same input is given by 


Ryy(r) = (2/x) sin“ [e-el7!], 


These results are plotted in Fig. 4(b) and 4(c) for 
w,=10 and 20 radians/sec, respectively. It can be seen 
that the experimental results agree quite well with these 
latter curves. In both cases, there is a tendency for the 


experimental results to approach a non-zero value of cor- 


relation coefficient for larger values of delay-time rt. 
This is probably caused by the presence of a small dc 
voltage in the output of the noise generator, and to 
compare Offsets. 


Sine Wave Plus Random Noise Input 


For the case of a sine wave plus random noise, a 
random telegraph wave and a sine wave were combined 
in the input to a low-pass filter as shown in Fig. 6. In 
the Appendix it is shown that the exact autocorrelation 
function is given by 


e-#cltl + @? COS aT 


1 we 


Rig) ag 
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Random 
telegraph wave 


10 cps sine wave 


Fig. 6—Input mixing and filtering amplifier. 


The relative amplitudes of the sine wave and the noise 
at the filter output were adjusted so that a?~ 3. This 
ratio was only approximate, since the rms amplitude of 
the noise was not measured precisely. With a?=4, we 
have 
e-eeltl + 1/2 Cos wet 


3/2 


Veda) = 


This function is plotted in Fig. 5 for w, = 10 radians/sec 
and w=62.8 radians/sec. 

Using only the first term of McFadden’s expression’ 
for the two-level autocorrelation function, we have 


e-eelt| +. 1/2 cos wer 


a2 DV eine! 
r(r) fm sin ao 


This function is also plotted in Fig. 5 for the same val- 
ues of w, and w,. It can be seen that the experimental 
points agree quite well with this latter function. The 
tendency toward larger discrepancies at larger values 
of delay time (r) may be due in part to neglecting the 
second term in McFadden’s expression for the two- 
level autocorrelation function. 

It is interesting to note that the shape of the two- 
level autocorrelation function is essentially similar to 
the shape of the exact autocorrelation function in the 
cases where noise was present. In Fig. 5, the princi- 
pal difference is that the exact autocorrelation function 
has a different slope near 7=0, and its variations are 
greater in amplitude. 


V. Crrcurt DETAILS OF THE ONE-BIT CORRELATOR 


Fig. 7 shows the analog-computer circuitry required 
for the one-bit correlator. All operational amplifiers 
are chopper stabilized (Philbrick USA-3’s were used in 
the experimental setup). Both triodes are type LAUT, 
and the diodes were type 1N643. The operation of the 
three comparators (amplifiers C, D, and £) and the tim- 
ing circuit (amplifier G) have been described in previ- 
ous articles [3]. 


Holding Comparator or Multwibrator 


The feedback loop around the holding comparator 
makes this circuit operate as a bistable multivibrator 


2 See the Appendix. 
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Fig. 8—Timing circuit waveforms. 
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when the diode gate is turned on (at time 7%), thus stor- 
ing the comparator state then present. 


Logic Circuit 


The output of comparators D and E are compared in 
the logic circuit to form: F=DE+DE.’ This operation 
is formed as follows: 


1) diodes D,; and D, form DE (AND gate), 

2) diodes D; and D, form D+F (OR gate), 

3) the output of the inverter triode (V2) is then 
DLE=DE; bet 

4) diodes D; and D; form DE+ DE (OR gate). 


Timing Circuit (See Figs. 7 and 8) 


The timing circuit (amplifier G) is reset by square- 
wave-voltage A. The timing interval begins when volt- 
age A swings positive, bringing the diode 3-gate (D; 
and Ds) out of the OFF condition. The initial reset 
voltage Vo, is determined by the setting of potentiom- 
eter Ko, and is normally about —80 volts. The slope of 
the ramp portion is determined by the setting of po- 
tentiometer K,. With C,;=0.01 mf, the time interval 
0.01 <1 <0.2 sec can be covered by adjusting K, alone. 
The output of the timing generator is differentiated by 
C,. The value of C, must be changed as 7 is varied. For 
0.01<7r<0.05, 0.001 mf was used, and for 7>0.05, 
0.003 mf was used. 


Output Gating Circutt 


The outputs of the logic circuit and the timing gen- 
erator are mixed by network R; and Rs. Potentiometer 
K; is adjusted so that the differentiated timing pulses 
drive point H approximately 2 or 3 volts positive when 
point Fis at +100 volts (7.e., D and E of the same sign). 
K3 is normally set at about 0.8. 


Counter Driving Circuits (See Fig. 9) 


Two four-decade Berkeley counters were modified to 
include thyratron trigger circuits, to provide fast trigger 
pulses. The basic circuit shown in Fig. 9(a) was used in 
the correlation counter. The thyratron conducts when- 
ever the input (point Y) and consequently the grid be- 
come positive. A fast negative-going pulse is generated 
at the plate and coupled to the first counter stage 
through an internal capacitor in the counter unit. The 
0.001 mf capacitor assists in turning the thyratron off, 
and appears to be an optimum value to prevent double 
triggering. The thyratron is returned to the noncon- 
ducting state when the correlator output signal becomes 
negative, following the registering of a count. Fig. 9(b) 

’ If the input random process has zero average value, we need 


only F=DE, which could be formed using only two diodes in an 
“AND” gate. Using this method, then we have 


2X(-+ correlation counts) 1 ) 


Autocorrelation coefficient = 2X ( 
total samples 2 


This simplification might lead to additional errors in the resulting 
correlation measurements due to offsets in the comparators, etc. 
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Fig. 9—Counter driving circuit: (a) basic circuit, (b) bias circuit. 


shows a biasing and coupling network which was added 
to the thyratron circuit used in the run-length counter. 
_ The square-wave timing-voltage A (Fig. 7) is differenti- 
ated by the input capacitor, so that a count is registered 
at the beginning of the sampling interval when voltage 
A goes positive. 


VI. CONCLUSIONS 


For the relatively simple, but general classes of sta- 
tionary random processes studied, the two-level correla- 
tion technique appears to be useful in determining the 
_ periodicities present in a random process, and charac- 
- terizing its bandwidth. However, it is not capable of de- 
termining the exact amplitude of the correlation func- 
tion, and it does not provide details about regions of in- 
flection. It is interesting to note that when a two-level 
random process is uncorrelated at some particular value 
of r, statistical independence is also indicated [4]. 

There are, of course, bandwidth limitations associated 
with using operational amplifier circuits for performing 
two-level correlation operations. This would not neces- 
sarily be a handicap when applying the technique to 
simulation studies on a typical analog computer. For 
other applications, faster circuitry possibly could be de- 
veloped. The two-level correlator requires a minimum 
of equipment; it is useful, therefore, in systems where 
simplicity is important. 


APPENDIX 
DERIVATION OF AUTOCORRELATION FUNCTIONS 


Random Noise Input 


The random noise source consisted of a random tele- 
graph wave passed through a first-order low-pass filter 
as shown in Fig. 6. The transfer function of this filter is 


given by 


i 
j = =— R——— 
H(jw) = e/er Ro/ 1p jaRoC 


‘where R)/R is a scale factor which will be taken as unity 
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for purposes of this calculation; therefore 


1 1 
1+ RC? 1+ (w/w)? 


H(jw)*? = 


where 
Dor = 17 RoC 
The output-power spectral-density W2(w) is related 


to the input-power spectral-density W1(w) by the fol- 
lowing equation: 


W2(w) = | H(jw)? 


Wi(w) 


and the input-power spectral-density is given by the 
Fourier transform 


Wi(w) = f R@emar. 


—o 


The input to the filter amplifier is assumed to be a 
random telegraph wave, with the probability that k 
traversals occur in a time interval T given by the Pois- 
son distribution 


(NT) 


P(k, T) = = 


eN fu 


where WV is the average number of zero crossings/sec. 
The autocorrelation function of a random telegraph 
wave which assumes the values +1 and —1 with equal 
probability can be shown to be [5]: 


Ree(r) = e-2NIA, 


Substituting in the expression for W; we have 
0 Ce) 
Wi(w) = ii eeNre—ietds + { eNre-iTd 7, 
—0 0 


After integration this becomes 


oat 
NOK 2 os Sen iE 


The output-power spectral-density is then given by 


if 1 il 
1 -i(@/e.)? VW 1 a7/4N? 


Ww) = 


The output autocorrelation function is found from the 
inverse Fourier transform 


er ent) | are 


After substituting for W2(w), we have 


1 
1+ (w/w)? 1+ w?/4N? 


e°Tdw. 


Rylt) = (1/2) f “1/N 
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This integral can be evaluated by contour integration in 
the complex plane to yield 


2Nw,e72e!7! — w.2e-2N 7 


4N? — w,? 


A) a 


For the present case, w,.<«<2N, so that after simplifica- 
tion and dropping the scale factor the expression be- 
comes 


Roy qewnee fea. 


An expression for the two-level autocorrelation func- 
tion of a sine wave plus Gaussian noise has been derived 


by McFadden [2]. 

r(r) = 2/r[sinR(r) + 1/404(1 — p?)~*/?(cos (wst — p)) 
-(2 — cos w.t,— p’) + O(a*)] 

where 


p(t) + a? cos wet 


RiGee 
(7) eae 


and 


p(r) =autocorrelation function of noise, 
cos w,r =autocorrelation function of the sine wave, 
a=ratio of sine-wave amplitude to rms noise 
level. 


For the case of noise alone, a=0, and 
R(x) = pls) = eee 


Therefore, the two-level autocorrelation function be- 
comes 


rr) = (2/7) sin 6 2a"). 


Sine Wave Plus Random Noise Input 


For the case of a sine wave plus random noise, a ran- 
dom telegraph wave and a sine wave were combined in 
the input to a low-pass filter as shown in Fig. 6. The 
output voltage for this case is related to the sum of the 
input voltages by the equation 


Ga H (jw) (e1 5 €2) => Ro/R (e1 Sia €2). 


1 + jwRoC 
Thus the filter transfer function is the same as that pre- 
viously found for the case of noise alone. The input- 
power spectral-density is then the sum of that of the 
noise plus that of the sine wave 


1 


W1(w) — => = : 
V1 + (wsRoC)? 


+ Kdlw.); K 


N(1l + w?/4N2 
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The output-power spectral-density is, therefore, 

1 
1+ w?/w.? N(1 + 07/4?) 
+ Ké(ws). 


The output autocorrelation function is again found by 
taking the inverse Fourier transform of the output 
power spectral density 


W o(w) > H(jw)?Wi(w) = 


2) elt 


oo (1 + w?/w.”) (1 + w?/4N’) 
° K6(w,)e%7 
: it —_——_— qq), 
_o 1+ w?/w? 


Integration yields the exact autocorrelation function 


Rin(t) = 1/20N diem 


| Ko,” COS WsT 
2m (w.? + w”) 


This can be written in simpler form for the present case, 


2Nw,e 2!7! —_ we 2N Ir 


4N2 aes We? 


Ryy(t) = 


since w,.«2N 


Kw? COS wT 
2r(we? + w,”) 


This can be shown equivalent to the form 


we elt 


2N 


Ryy(t) ee 


e-“el7l + @? COS Wer 
i= ae 
which agrees with the result given by McFadden [2]. 


Ry,(7) > 7 
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possible audience in a timely manner. 


; The following is to some degree an updating of information on Soviet computer tech- 
niques described in the article edited by Dr. W. H. Ware and published in the March 
1960, issue of these TRANSACTIONS. As was the Ware report, this also is being published qi 
Communications of the Association for Computing Machinery, in order to reach the widest 


—The Editor 


Summary—This is the author’s report of his visit to the Soviet 
Union in June and July, 1960. The purpose of the trip was to attend 
the First Congress of the International Federation of Automatic 
Control (IFAC) as an official American delegate. The author also 
arranged to meet with certain scientists in psychology, physiology, 
and the computer sciences, and to visit some Russian research 
institutions doing work in these areas. Soviet research in cybernetics, 
neuro-cybernetics, artificial intelligence, mechanical translation, and 
automatic programming are discussed, and new developments in 
Soviet computing machines are described. 

The author describes his discussions with several important 
Soviet personalities in the computer sciences, which dealt with 
their particular work and the work of their research institutions. He 
concludes that Soviet research in the computer sciences lags behind 
Western developments, but that the gap is neither large nor based 
on a lack of understanding of fundamental principles. He believes 
that the Soviets will move ahead rapidly if and when priority, in 
terms of accessibility to computing machines, is given to their re- 
search. 
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I. Frrst INTERNATIONAL CONGRESS OF THE INTER- 
NATIONAL FEDERATION OF AUTOMATIC CONTROL, 
Moscow, JUNE 27—JuLy 7, 1960 


()- of the purposes of the author’s visit to Mos- 


cow was to attend, as an American delegate, the 
first Congress of the IFAC. 


Plan of the Congress 


The activities of the Congress were organized in three 
cities: Moscow, Kiev, and Leningrad.! The actual work- 
ing sessions were held at Moscow State University dur- 
ing the week of June 27—July 2. The sessions in the 
other cities, July 3-7, consisted only of technical excur- 
sions to industries and research institutions. 

In Moscow, the Congress scheduled two plenary ses- 
sions (opening and closing) and numerous daily techni- 
cal sessions. Run in parallel with these business sessions 
was a rather large number of organized technical excur- 
sions to various industries and institutes. Also scheduled 
in parallel were many organized sightseeing excursions 
of the ordinary tourist variety. An active and highly 
organized Ladies’ Program ran for the full week. The 
delegate was inundated by a blitz of organized ac- 
tivity. 


First Plenary Session 


The first plenary session of the Congress, held in the 
Congress Hall of the University, was heavily attended. 
The program consisted of a number of welcoming 
speeches and an address by the well-known scientist and 
Chairman of the U.S.S.R. National Committee for 
Automatic Control, V. A. Trapeznikov.? The Commu- 
nist welcoming speeches were heavily loaded with propa- 
ganda and exhibited what Western delegates thought to 
be an embarrassing lack of discretion, taste, and dig- 
nity. The Soviet Deputy Premier talked on the prob- 
lems which automation would bring to “certain soci- 
eties” which were not well equipped to handle this kind 
of technological change—change which would bring un- 
employment, re-education problems, and relocation 
stresses. 


1 The Russians regarded the choice of Moscow for the First 
Congress of IFAC as a feather in their caps, and used this oppor- 
tunity for propaganda effect in the Soviet and foreign press. A 
special commemorative stamp of the event was issued, special 
commemorative “first-day cover” envelopes were printed, the open- 
ing plenary session was addressed by a Soviet Deputy Premier, and a 
remarkably sumptuous and ceremonial reception for all delegates and 
their wives was held on the final day in the Czar’s Palace in the Krem- 
lin. Aside from this reception, however, there seemed to be no extra 
effort made to accommodate these “special guests” of the Soviet 
Union, and, in fact, the bitterness felt by many of the delegates be- 
cause of the difficulties and indignities suffered during the conference 
was not mollified by the splendid Kremlin party. 

* This speech was a highly significant statement of Soviet atti- 
tudes and goals in cybernetics and automatic control. Unfortunately, 
the speech received little attention and distribution. It was not avail- 
able in the preprints of the IFAC Congress, and only a few printed 
English translations were distributed after the session. I am sure, 


however, that the speech will appear in the final Congress volume 
when it is published. 
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Technical Sessions 


The technical business of the Congress was divided 
into four major classifications: theory, components, in- 
dustrial applications, and general problems. These 
classifications were further divided into twenty-one 
categories (listed in Appendix IT). Sessions in the vari- 
ous categories were run in parallel, though not every 
category held sessions every day. The number of papers 
given during the technical sessions was enormous: 
nearly 300 papers were presented in the five days of 
technical sessions. Almost all of these papers were avail- 
able in preprinted form a few weeks before the Congress. 
In no instance was I aware of the presentation differing 
in any way from the preprint. 

The presentations were handicapped by translation 
difficulties. No simultaneous translation was available. 
Translations were, instead, sentence by sentence and 
often in more than one language. 

The postpresentation discussions in the sessions I at- 
tended were generally uninteresting, uninformative, 
and tedious. Again, severe translation problems marred 


performance. Tedium was enhanced by the peculiar 


Russian habit of “discussing” a paper by delivering a 
15- to 30-minute extension, clarification, or rebuttal of 
the paper. 

In general, Soviet papers could be characterized as 
oriented toward theory, while papers of Western dele- 
gates mixed theory and application. 


Technical Excursions 


In conjunction with the Congress, various research 
institutes, educational institutions, and plants were 
officially opened to the delegates for technical excursions 
(listed in Appendix III). The trips were highly organized 
affairs and consisted of about sixty people each. By far 
the most popular tour was one to the Institute of Auto- 
mation and Telemechanics in Moscow. They were 
canned, planned tours and provided no opportunity for 
personal contacts or detailed questions. In my opinion 
they were a severe time-wasting activity, using up the 
few hours available for personal contacts in Moscow. 
After speaking with other delegates who took these 
trips, I am convinced that this judgment is correct.? 


Person-to-Person Communication 


The greatest value of most large conferences lies not 


* There was an exception. N. Blachman, of Sylvania Electric 
Products Co., Mountain View, Calif., saw a transistorized digital 
computer at the Moscow Power Institute. His report on this com- 
puter may be found in ONR Tech. Rept. No. ONRL-C-15-60; 
September 9, 1960, and in the Communications of the ACM, vol. 
4, pp. 256-265; June, 1961. As far as I know, this is the only American 
report on this machine. The computer has the following characteris- 
tics: speed—25,000 fixed point operations per second, or 5000-7000 
floating point operations per second; word length—20 or 40 bits; 
memory size—4096 words of ferrite core, fixed store of 256 words 
on condenser-printed paper, magnetic-tape store of 50,000 words; 
output-numeric only; clock speed—100 ke. Blachman reports that 
this computer was built by students in three years, beginning in 1957. 
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in the transaction of formal business, but in the infor- 
mal exchange of ideas and information among delegates, 
who should be given ample opportunity to meet and 
converse. 

Interpersonal communication between Western and 
Soviet delegates was held to a minimum. All foreign 
delegates were boarded in the enormous Hotel Ukraine 
on the outskirts of the Moscow central area; Soviet dele- 
gates were housed in a number of different hotels in the 
center of Moscow. It was not possible officially to ob- 
tain names of the hotels of Soviet delegates or, knowing 
the hotel’s name, to obtain from the hotel desk a dele- 
gate’s room number or telephone number. The only list 
of delegates and their hotel locations which I saw was 
one printed by the American delegation listing data on 
American delegates. 

There were no official communication channels be- 
tween delegates, no central communications center for 
the delegates, no message system, no mailboxes. It was 
relatively easy to contact any foreign delegate through 


the desk at the Hotel Ukraine, but it was almost impos- 


sible to contact a Russian delegate. 

Soviet delegates could be met by seeking them out at 
the Congress. This was a hit-or-miss procedure with 
small probability of success. The various parallel ses- 
sions were taking place in widely separated areas of the 
University.. Furthermore, the technical sessions were 
not well attended by Russians, or by foreigners. Most 
frustrating of all, Soviet delegates did not, in general, 


_ wear the big name tags provided for delegates, though 
' virtually every Westerner wore his continuously. 


Sidelights on IFAC 


In reception and handling, difficulties and indignities 
suffered by the delegates at the hands of an inept staff 
were marked. Travel arrangements to Congress cities 
and to other places were handled with incredible in- 


efficiency. 


~ week, 


The delegates arrived in Moscow on Saturday and 
Sunday. The Soviet passport-checking procedure at the 
airport broke down in the face of the onslaught of dele- 
gates and wives. Transportation arrangements for tak- 
ing delegates to the Hotel Ukraine were chaotic. At the 


hotel, delegates were faced with a waiting line of a 


hundred or more at the Intourist Bureau, where hotel 
rooms and food coupons were being distributed. 

The Congress moved from Moscow to Kiev and 
Leningrad on July 3. Over 1000 foreigners had to be 
moved to these and other cities. During the Congress 
inquiries about tickets elicited the following 


' standard reply: “What are you worrying about? It’s 


too early. You’re not leaving until Sunday. All tickets 
will be handed out at noon on Saturday.” There were 
no tickets at noon on Saturday, nor at three, six, nine, 
or midnight. By mid-evening the Intourist Bureau was 
crowded with worried, tired delegates queueing up for 
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tickets. After midnight, a list of names and room num- 
bers was drawn up with instructions to Intourist to 
phone these people when their tickets arrived. Dis- 
gusted, I went to bed at about 1:30 A.M., after signing 
the list. I was not phoned. I understand that others 
were and that they stood in queues at all hours of the 
night. I did not get my tickets and thereby missed the 
9:00 a.m. flight to Tbilisi. Sunday afternoon, having un- 
covered the fact that there was a plane to Tbilisi at 
6:00 p.m., I made a plea of desperation to one of the 
Intourist girls to issue me tickets for this flight. With 
an air of surprise which seemed to say, “How could you 
get so worked up over such a minor thing?” she issued 
the tickets and travel coupons in less than five minutes! 

Rumors flew all week that the delegates were to be in- 
vited to a reception at the Kremlin on Saturday. In 
typical Russian fashion, no invitations went out and no 
official announcement was made until the final plenary 
session of the Congress a few hours before the reception. 
The party, given by the Academy of Sciences of the 
Soviet Union, was held on the Kremlin grounds, in the 
Czar’s Palace, a building which is the seat of the Soviet 
Presidium and is generally closed to visitors. It was a 
splendid reception, highlighted by culinary luxuries and 
excellent entertainment—a dizzying performance by 
our inconsistent Soviet hosts. 


Evaluation 


In my opinion, the primary value of the Congress was 
that it provided an opportunity for 135 Americans and 
many other Westerners to visit the Soviet Union and 
gain a first-hand impression of Soviet society today. It 
also gave a limited number of Soviet citizens a chance 
to meet, talk with, and evaluate these several hundred 
Westerners. Here I wish to emphasize person-to-person 
mutual enlightenment, rather than scientific and pro- 
fessional exchange. In these turbulent times of uncer- 
tainty and mutual distrust, we cannot have too much 
of this. If conferences can provide a way of channeling 
corporate, private, and governmental funds for this im- 
portant educational endeavor, I believe their worth to 
be established. 

From the viewpoint of mutual exchange of scientific 
information, the IFAC Congress made a rather poor 
showing. Most large conferences are bad in this respect, 
but something useful is salvaged when delegates meet 
and talk informally. Because of the severe constraints 
which limited the contact of Westerners with Russians, 
the IFAC Congress could not claim even this salvage 
value. 


II. THe PRIVATE BUSINESS OF ONE DELEGATE 
In Moscow 


Problems of the IFAC Delegate 


In anticipating the trip I thought that asa delegate to 
a distinguished conference I would have the kind of 
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“important guest” status that would open doors and 
ease my job in making personal contacts. This is not 
what transpired. The fact is that most IFAC dele- 
gates were patently refused admittance, sometimes 
more subtly than at other times, to those institutions 
which were not included in the schedule of technical 
excursions. No amount of taxicab riding, telephoning, 
insisting, or cajoling could open these closed doors. The 
number of individual incidents which stand as evidence 
of this policy is formidable. 

My interpretation is that the Russians, faced with the 
overwhelming problem of controlling the movements of 
several hundred highly intelligent scientific people, 
settled on a policy of closing all scientific doors even re- 
motely related to the interests of these people, except 
those doors which were officially opened as part of the 
Congress. I suspect that this policy was held in the 
other two Congress cities as well, for I experienced great 
difficulty in making personal contacts in Kiev and 
Leningrad, even with people who were expecting me 
and even though I arrived in these cities after the other 
delegates to the Congress had departed. 

Examples of my difficulty will come up in the various 
sections of this report. Perhaps the best example of 
what was going on in Moscow at the time is one which 
did not affect me very much. To my knowledge, no dele- 
gate gained admittance to Lebedev’s Institute of Pre- 
cise Mechanics and Computing Techniques. Even 
those who carried written invitations from Lebedev 
himself, as a result of his trips to the U. S., England, 
and West Germany, were denied entrance. One per- 
sistent English fellow was forcibly turned away at the 
gate. This is especially surprising since Lebedev’s Insti- 
tute has had more than the usual contact with Western 
delegations. To sum up, things were bad enough for an 
American in Moscow in June, 1960; being a delegate to 
the IFAC Congress only made things worse. 


A. P. Yershov 


I visited with Dr. A. P. Yershov,; Director of The- 
oretical Programming at the Computing Center of the 
Academy of Sciences of the U.S.S.R., who is a major 
force in automatic programming in Russia. His magnum 
opus, “Programming Program for the BESM Com- 
puter,” has been published by the Pergamon Press, 
London, England, in an English edition. Dr. Yershov 
has moved to Novosibirsk‘ to take up a major post as 
head of programming research in this new scientific 
complex, 

Dr. Yershov is a man of great intelligence, curiosity, 
and energy, and he has considerable awareness of the 
state of the computing art in Russia as well as in the 


4 Dr. Yershov’s new address is: Siberian Division, Institute of 


He Academy of Sciences of the U.S.S.R., Novosibirsk 72, 
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U. S. In Novosibirsk he will have influence and, I be- 
lieve, relatively great freedom, and, most important, a 
good modern computing machine (or machines!). 

The following notes briefly summarize our talks: 


Activity in Novosibirsk: Dr. Yershov’s new position in 
Novosibirsk was a focus of our conversation. An M-20 
computer had already been installed in Novosibirsk, 
and had almost been debugged.* 

Dr. Yershov was working on an ALGOL-type lan- 
guage, since completed at Novosibirsk, for the M-20. At 
the time, he had a staff working with him at the Com- 
puter Center in Moscow on this project. 

In Moscow, programming research people do not in- 
fluence the design of new machines, which is strongly 
under the control of Lebedev’s Institute of Precise 
Mechanics and Computer Techniques. In Novosibirsk, 
however, Dr. Yershov and his colleagues hope to do ex- 
tensive computer development in which the various 
“disciplines” in the computer field will cooperate. This 
cooperation, he insists, is a necessity. 

Once established in Novosibirsk, Yershov hopes to 
begin work as soon as possible on the so-called “logical 
languages,” especially symbol-manipulating list-proc- 
essing languages whose development, he says, is now 
essential. He knows of the U. S. list languages called 
LEB vancdebLole 

Actwity in Moscow: One would expect automatic pro- 
gramming languages to be widely used in Yershov’s 
own shop, but this is not the case. Yershov said that 
only a very small percentage of all problems done at the 
Computing Center are run with the aid of a program- 
ming program. He gave two reasons: first, and most im- 
portant, the lack of alphabetic input-output devices, 
and second, the reluctance of experienced programmers 
to learn a new system and switch over to its use. 

According to Yershov, the Computing Center of Mos- 
cow State University is concerned with the solution of 
practical scientific and engineering problems. No basic 
computer research is being carried on there, and there is 
no interest in the theory of programming. 

A. A. Lyapunov is, of course, at Moscow State Uni- 
versity. Lyapunov is the Norbert Wiener of Russian 
cybernetics, a world-famous mathematician, and a 


> The M-20 is one of the latest of the large Soviet machines. Some 
data on the M-20 follows: mode—3-address floating point; average 
number of operations per second—20,000 (Soviet estimate, using 
statistical mix of instructions based on normal use); additions per 
second—S0,000; multiplications per second—17,000; word size— 
45 bits; core store—4096 words; complete memory cycle time—6 
microseconds; drums—three units with a total of 12,000 words 
and a transfer rate of 12,000 words per second; tapes, four units, 
each eight-channel, addressable blocks of 1-4000 words, transfer 
rate of 2500 words per second; input-output—punched cards and 
on-like printer; alphanumeric capability—unknown, but probably 
absent. For information on other Soviet machines, see W. Ware, 
ed., “Soviet computer technology—1959,” IRE Trans. on ELEC- 
TRONIC Computers, vol. EC-9, pp. 72-120; March, 1960. Also 


Oe as RAND Corp. Research Memo. RM-2541; March ile 
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revered man in Soviet scientific circles. As the patriarch 
of cybernetics, he helps to organize and transmit knowl- 
edge in the field. He is responsible for bringing about 
various cybernetics conferences in Russia; he founded, 
and continues to edit, the well-known series, “Problems 
in Cybernetics” ;*hecontinues to teach at the University ; 
and he personally supervises the education of a num- 
ber of promising graduate students. He recently or- 
ganized a volume of articles on the STRETCH com- 
puter translated from U. S. journals and publications. 


L. I. Gutenmakher 


I spoke with Professor L. I. Gutenmakher, Director of 
the Laboratory for Electrical Modeling of the Institute 
of Scientific Information. Despite rumors to the con- 
trary—as far as I can determine—the Laboratory is 
still part of the Institute, which, I gather, employs about 
300-500 people. Gutenmakher himself is a well-known 
figure both inside and outside the Soviet Union. His 
early work was with analog computers. In 1949 he pub- 
lished a book entitled “Electrical Models,” which dealt 
with electrical analog models of physical systems. His 
recent work has included some flamboyant and specula- 
tive material on the simulation of human brain func- 
tions, and on intelligent information retrieval machines 
operating with the principles of human associative mem- 
ory. Gutenmakher’s writings on the automation of 
brain functions are provocative. His ideas on associative 
memories for computers are, in general terms, quite 
close to those of the RAND-Carnegie Institute of Tech- 
nology research effort on simulation of cognitive proc- 
esses. In 1960 a book of his was published, “Electronic 
Informational-Logical Machines,” which sold very well 
in Moscow. He is an uncommunicative man and rather 
unfriendly, and he has a reputation for being a difficult 
man to get to meet. 

We spoke in German about the work of the Labora- 
tory, which is engaged in building a so-called informa- 
tion machine. He referred me to his recent book for 
more information on the subject. The book, incidentally, 
gives a “popular” rather than a technical treatment. I 
inferred that the machine is more of a digital informa- 
tion processor than a digital computer. (hat 16) tis 
being designed specifically for the problems of informa- 
tion storage, retrieval, and manipulation, rather than 
for purposes of calculation. When I had questioned 
Yershov about this machine, he had told me it was an 
“ordinary” type of digital computer; Gutenmakher 
contradicted this, claiming that it was not the “ordi- 
nary” type but that it had an associative memory. I be- 
lieve the resolution to this contradiction is that the 
machine utilizes familiar components in a novel design 


6 A, A. Lyapunov, Ed., “Problems in Cybernetics,” State Pub- 
lishing House for Physical and Mathematical Literature, Moscow, 
U.S.S.R., vols. I-V; 1959-1961. 
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for information processing. Many of his workers are en- 
gaged in constructing this information machine. 

Gutenmakher said that he has a large group working 
on the problems of: 1) information retrieval of chemical 
data, and 2) mechanical translation of languages. Dr. 
Yershov had told me that the Laboratory was also 
working on an “information language.” He said that 
this is not a programming language. My impression is 
that it is a language convenient for coding textual ma- 
terials and data. The chemical information previously 
mentioned will be, or already has been, coded in this 
language. He mentioned that the mechanical transla- 
tion group is also very interested in using the language, 
so it is likely that the language has some rather general 
properties. He mentioned that a brief account of this 
language is presented in his new book. 

I questioned Gutenmakher about the Laboratory. 
In the course of speaking of its work, he mentioned that 
there was much to do and little time in which to do all 
that needed to be done. I asked him how many people 
worked in the Laboratory. “Enough,” was his answer. 
I asked him for an order of magnitude. “Large,” he 
answered. His researchers (as opposed to laboratory 
technicians) are mathematicians, logicians, linguists, 
engineers, and physicists. He said that there were no 
psychologists and no physiologists. They were not ex- 
perimenting on human memory, nor were they experi- 
menting in the area of higher mental activity in connec- 
tion with simulation of brain functions. 

In connection with theorem-proving machines, he has 
some people working on a geometry machine. He did 
not know of Gelernter’s work on a geometry theory 
machine. 

The Laboratory had no game-playing programs. 

On the topic of the simulation of mental activities of 
the brain, his comments were significant. He believes a 
machine will imitate these activities. I asked him how 
long he thought this would take: 50 years? 20 years? 
No, he said, this was too long. Therefore, I told him of 
the estimates given by Newell and Simon in 1958, that 
4 machine would be a chess champion in ten years, and 
would discover and prove an interesting new mathe- 
matical theorem in the next ten years. Gutenmakher 
said that this was a much better estimate, but that it 
was too conservative. He felt that this sort of thing 
would happen in less time. 


A. V. Napalkov 


A. V. Napalkov appears on various published papers 
as an associate of Professor S. N. Braines of the Lab- 
oratory for Physiological Research of the Institute of 
Experimental Psychiatry. He is also on the Faculty of 
Higher: Nervous Activity, Moscow State University. 

Napalkov is a physiologist whose basic interest is in 
machine models cf physiological (and psychological) 
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processes.’ He teaches at the University, and his work 
there, in conjunction with Braines’ Laboratory, is per- 
formed with a staff of young assistants, some of whom 
are graduate students. His laboratory, which is in the 
new building of the Biological-Soil Faculty, is modern 
and impressively well-equipped. 

Braines and Napalkov have built a conditioned-reflex 
learning machine. At the Laboratory they also have a 
chimpanzee or two, used for complex conditioning ex- 
periments. The Laboratory is reported to have carried 
out the much-publicized experiments with dogs on 
restoration of youth through long sleep. 

Napalkov and I exchanged ideas about brain models. 
His research method is substantially the same as that 
of the RAND-Carnegie group: make observations of 
behavior (of humans and/or animals) in complex en- 
vironments; construct machine models of the behaving 
organisms based upon knowledge of what some plausible 
mechanisms might be; allow the machines to behave 
in simulated environments; compare the behavior of 
the machine model with the observed behavior. 

Following our discussion, his assistants ran off an ex- 
periment in complex conditioning with a dog in which a 
chain of conditioned responses was interposed in an- 
other chain of conditioned responses. The experiment 
was designed to show that a dog could learn this kind 
of cycle-within-a-cycle behavior. 

Studies of the chaining of responses are typical of the 
work of Napalkov and Braines. An animal is trained to 
press a key for some reward. The key-pressing is then 
reinforced only when a tone is sounded, which occurs 
only if the animal has previously pressed a certain lever, 
and so forth. Many variants of the basic experiment 
have been performed in which: 1) the timing and nature 
of the chain-stimuli have been varied, and 2) conditions 
external to the chain (e.g., hunger, thirst) have been 
varied. In one interesting experiment, two different 
chains leading to different kinds of rewards (food in 
one case, water in the other) were taught to rats and 
dogs. The chains had a common link. The animal was 
then deprived of, say, food, and subsequently run in the 
water-chain. The problem under investigation was 
whether or not the animal would switch at the common 
link into the other chain (in this case the food chain). 
Experiments like these provide the behavioral data 
from which Napalkov, Braines, and their engineers at- 
tempt to build machine models of animal behavior. 

Napalkov told of having to write many general and 
“popular” articles about his brain-model research, as 
well as numerous official memos, in order to convince 
people with authority that his research should be sup- 
ported. He said that there was much opposition among 


7 For discussion of Napalkov’s work, see: H. Pick, “Some Current 
Trends in Experimental Psychology in the Soviet Union,” Psychol- 


ogy Dept., University of Wisconsin, Madison; 1960. Unpublished 
manuscript. 
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physiologists to the machine modeling approach. 

Some of the theoretical basis for the Braines-Napal- 
kov learning machine may be found in a small book of 
working papers written by Braines, Napalkov, and 
Svechinskiy.® 


A. R. Luria—The Institute of Psychology 


I called upon Professor Luria of the Psychology De- 
partment of Moscow State University and the Institute 
of Defectology. Luria is a distinguished scholar, well 
known in the West, who speaks perfect English, and 
has visited and lectured in both England and America. 
A recent book of his has been published in English.? 

Luria spoke briefly of his recent work on the influence 
of language on the initiation and regulation of simple 
motor and verbal behavior in children. This work is 


adequately summarized in Pick’s report,’ to which the © 


interested reader is referred. 

During our conversation Luria mentioned that Dr. 
Eugene Sokolov of the Faculty of Higher Nervous Ac- 
tivity at the University was interested in modeling men- 
tal processes on a computer.’? 

Luria asked me to talk to the psychologists at the 
Institute of Psychology about my research." The talk 
was attended by about fifty people, many of them 
young. Dr. Smirnov, head of the Institute of Psychol- 
ogy, was chairman of the question period. The session 
was marked by intelligent questions showing an under- 
standing of my statements about computer models of 
learning. Dr. Smirnov has himself done research on hu- 
man memory and has written a book on retroactive in- 
hibition. ae - 

After my lecture had a long talk with a young re- 
searcher. It was one of those random meetings which 
pays dividends. She works at the Institute of Foreign 
Languages in the Experimental Laboratory for Pho- 
netics, where she does research on speech perception. 
She is now concerned with the relationship between per- 
ceptual processes and memory. She believes that the 
study of human perception of speech will aid in the 
solution of some fundamental problems in mechanical 
translation of languages, e.g., the problems of groupings 
of words and selection from a set of alternate meanings. 


__°S.N. Braines, A. V. Napalkov, and V. B. Svechinskiy, “Scien- 
tific Notes (Problems of Neuro-Cybernetics),” State Publishing 
House, Moscow, U.S.S.R.; 1959. Translated into English by Joint 
Publications Research Service as JPRS 5880, Office of Technical 
Services, Dept. of Commerce, Washington 25, D. C.; October 18, 
1960. (The book may be purchased for $3.50.) 

® A. R. Luria, “The Role of Speech in the Regulation of Normal 
and Abnormal Behavior,” Pergamon Press, London, England; 1961. 

10 Some very interesting and informative notes on the work of 
Sokolov are to be found in the paper by Pick.? See also, E. N. Sokolov, 
“A probability model of perception,” Voprocii Psichologit, no. 2, 
1960. (Available in English translation by Pergamon Press. ) 

\ For a discussion of the work of the Institute, see: W. Reitman, 
“Some Soviet Investigations of Thinking and Problem Solving,” 


ines Institute of Technology, Pittsburgh, Pa.; 1961. (To be pub- 
ished. 
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The Laboratory for Phonetics is interested in building a 
speech-recognition machine, but at present they have 
no electronics laboratory of their own. Furthermore, 
they do not have access to a computer. She told me that 
the Department of Mechanical Translation of the Insti- 
tute of Foreign Languages has requested a computer, 
but their request has so far been turned down, and she 
thinks they will not get the machine. 


A Lecture by Norbert Wiener 


On June 28 Norbert Wiener lectured to the Russians 
at the Polytechnic Museum in downtown Moscow. He 
spoke on the analysis of brain waves and on some results 
of his electroencephalographic research. Attendance 
turned out to be standing room only; 500-700 people 
were present and many others were turned away. Most 
of the questions were concerned with the comparison 
between brains and machines. It was obviously a topic 
of much concern to the Russian scientists. The most 
vigorous applause of the evening came when, in answer 
to a direct question, Wiener stated his belief that the 
creativity of man would always find a higher level than 
the creativity of a machine. The Russians were clearly 
gratified by this answer. 


Ill. THe BUSINESS OF ONE TOURIST IN TBILISI, 
CAPITAL OF THE GEORGIAN REPUBLIC 


Computing Center, Academy of Sciences of the Georgian 
Republic 


In contrast to my experiences in Moscow, I had no 
trouble with my appointments in Tbilisi. One call to the 
Computing Center sufficed to bring someone quickly 
over to my hotel. Professor Kueselava, who is Professor 
of Mathematics and Director of the Computing Center 
of the Academy of Sciences of the Georgian Republic, 
and part of his staff, greeted me on arrival. He said that 
he had received my letter and was glad I was able to 
come. 

The Center is currently housed in a poor building in 
an old, but central, section of Tbilisi. A new building is 
currently under construction but is in a more outlying 
area. The Center in Tbilisi is a relatively recent phe- 
nomenon. It was opened in 1958 and staffed by mathe- 
maticians, scientists, and engineers drawn from the 
local University and Polytechnic Institute. These peo- 
ple were trained in computing in Moscow (two to three 
years of training). The Center now employs two 
hundred people, many of whom are technicians and 
engineers. 

The Center operates a URAL computer (serial No. 
78), which is installed in a rather sloppy fashion in a 
large undignified room in the half-finished new building. 
Down the hall in an unfinished room the BESM II was 
being assembled. The various functional units (adder, 
memory, frame, etc.) were sent down individually from 
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Moscow and assembled into a machine by the Center’s 
Moscow-trained engineers. They estimated that the ma- 
chine would be completed by about January or Febru- 
ary, 1961. As far as they know, there is no factory that 
turns out complete BESM II machines. They are prob- 
ably right. In Latvia a BESM II is currently being in- 
stalled in just the same way as the machine in Tbilisi. 

The Center is young and still feeling its way, trying 
to become established. As effective computer installa- 
tions go, this Center is still in a rather primitive stage. 
Their URAL computer is slow: its output is on the nar- 
row tape of a 10 (or possibly 14) digit per line “adding 
machine;” its input was by punched 35-mm film. I was 
peppered with questions about the reliability of U. S. 
computers. The implication was that the URAL had 
low reliability. 

Concerning programming, the Center works mostly 
on practical problems, but some research in automatic 
programming and mechanical translation has been un- 
dertaken. At the time, Center personnel were engaged 
in writing special subroutines for URAL (and, I pre- 
sume, BESM II) in connection with problems in physics. 
In fact, their main interest at the moment is with the 
solution of physics problems, and they work closely 
with the Research Institute of Physics on these prob- 
lems. 

The mathematicians at the Center are working on 
boundary value problems, eigenvalue problems, evalua- 
tion of integrals, and solution of differential equations. 
They told me that they have developed a programming 
program modeled after Yershov’s program. I told them 
I was interested in understanding this system and would 
like to write a program in it. They wanted me, instead, 
to write my program in URAL machine code, but I de- 
clined. However, it developed that their programming 
program existed on paper only and was not really a 
working compiler. The reasons for not developing it 
further were that: 1) URAL is too small and slow to ac- 
cept a decent compiler, and 2) experienced programmers 
would not use it. Sometime in 1961 they expect to begin 
their machine translation program in earnest, and in- 
deed, some of the staff is already working on it. The 
Institute for Automatics and Telemechanics in Tbilisi 
is already working on translations of Russian into 
Georgian, and the people in the Center hope to do some 
joint work with the Institute. 

These people are isolated from the computer world of 
the West. My impression was that they do not know of 
Western computer journals, automatic programming 
efforts, artificial intelligence studies, etc., and that they 
have only the sketchiest information about Western 
machines. Many of their questions were about West- 
ern computers. For example, they asked about the char- 
acteristics of the machine that plays chess (i.e., the 
Newell-Shaw-Simon chess program). In answer, I re- 
ported the general characteristics of JOHNNIAC (an 
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antediluvian machine by 1960 American standards). 
They were particularly impressed when I referred to 
JOHNNIAC as an “old machine.” They plainly did not 
believe me when told the memory size of some U. S. 
commercial computers. 

The Computing Center at Tbilisi services the Geor- 
gian Republic. They told me that industry does not 
have its own machines, nor does the University. All 
problems are brought to the Computing Center of the 
Academy of Sciences, where they are handled on a 
closed-shop basis. 

One of the most interesting conversations I had at the 
Center concerned the nature of control of research ac- 
tivity in the U. S. We first discussed the chess machine. 

“What is the practical use of such a machine?” they 
asked. 

I replied that there was no immediate practical use 
for such a machine; that the people who undertook this 
project wished to study the nature of the problem- 
solving process in human beings and for computers. 

“But who allows you to do this?” they asked. “Who 
tells you that you can do such research?” 

In my reply I tried to explain the nature of research 
done at universities—that problems are undertaken by 
faculty members because these faculty members are 
stimulated by the topics, not because the research is 
necessarily oriented toward any kind of practical solu- 
tion of a problem. 

“But who allows you to do it?” they continued. “Who 
gives you the money? Where do you get the computers?” 

I explained that the universities sponsored some re- 
search and that, in some cases, universities had com- 
puters of their own which they made available for 
faculty research. 

I also explained to them the “foundation” system for 
sponsoring research. I told them about Ford, National 
Science, and other foundations, and explained how 
people who want to do research get grants from these 
foundations. 

They were amazed and very impressed. They had no 
idea, they said, that such institutions existed, and they 
thought the system was a very good one. 

In previous conversations I had told them of the 
geometry machine constructed by Gelernter at the 
IBM Research Center. They questioned me further 
about this. They understood, they said, that American 
companies were profit-motivated. How was it, then, 
that a big American company would sponsor such im- 
practical research as a geometry-proving machine? Was 
not research on thinking machines and learning ma- 
chines impractical? I tried to explain to them that, al- 
though the big companies are in fact motivated by 
profit, basic research is good business because out of this 
year’s basic research spring next year’s good ideas. They 
nodded their heads. Yes, this was true. They under- 
stood. 
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They also asked me about the National Physical 
Laboratory in England where I spent the 1959-1960 
academic year on a Fulbright Grant. I told them about 
government-sponsored research laboratories in America 
and England. They were impressed, and said they did 
not realize there were such government-sponsored in- 
stitutions in England and America. 

It was obvious to me that these people were highly 
constrained in their choice of research problems, se- 
lecting only those which were important and practical, 
rather than those which were merely interesting from 
the point of view of their own curiosity. If they worked 
on advanced problems of computer applications, they 
did so because the signal had come from Moscow that 
they could or should work on these problems. This pro- 
vided a most interesting insight for me on how things 
get done in Soviet science. 


Institute of Electronics, Automatics, and Telemechantcs 


I had not planned to visit the Institute of Elec- 
tronics, Automatics, and Telemechanics of the Georgian 
Academy of Sciences, yet I encountered no difficulty in 
arranging a visit at a moment’s notice. The Institute is 
within short walking distance of the Hotel Intourist. It 
is three years old and employs 200 people: engineers, 
physicists, mathematicians, linguists, and technicians. 
There are five divisions: Electronics, Automatics, Tele- 
machanics, Control of Industrial Processes, and Me- 
chanical Translation of Languages. The Division for the 
Control of Industrial Processes is the largest. Examples 
of its work include development of certain tooling 
processes with lathes and control of industrial metal- 
lurgical processes (e.g., the rolling of steel). 

The division I was most interested in was Mechanical 
Translation, the smallest of the groups, but I was not 
able to contact anyone from this group. I do know, 
however, that there are six people working on Russian 
to Georgian translation algorithms at the Institute and 
that, in addition, there are some mathematical linguists 
working on studies in logical and statistical analysis 
of Russian and Georgian as an aid to the translation 
work. 

The Electronics Division is currently doing experi- 
mental work with digital equipment using vacuum-tube 
technology, and they are beginning some work with 
transistors. 

The Automatics Division is largely concerned with 
analog machines for regulation in specific practical ap- 
plications (an example cited to me was autopilots). 
They seemed to be little interested in the theory of 
controllers, theory of automata, or general cybernetic 
theory. However, a paper describing research on con- 
trol using homeostat-like devices was presented at the 
IFAC Congress by the Vice Director of the Institute, 
Chichinadzye, and is available in the Congress _pre- 
prints. 
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A point to note, and one of possible interest to stu- 
dents of Soviet scientific organization, is the apparent 
duplication of effort on mechanical translation in Tbilisi, 
a relatively small and provincial outpost of science. 
Some collaboration of effort is expected, but at present 
this is minimal. Why, then, are there two separate re- 
search teams within blocks of each other? Is this a re- 
flection of a “decentralizing” philosophy in planning 
basic research in the computer area? Or is it an accident 
resulting from peculiar decision-making channels in a 
complex and confused bureaucracy? 


IV. TRIALS OF AN UNWANTED GUEST IN YEREVAN, 
CAPITAL OF THE ARMENIAN REPUBLIC 


S. N. Mergelyan 


Academician S. N. Mergelyan is Director of the 
Scientific Research Institute of Mathematical Machines 
of the Armenian Academy of Sciences in Yerevan. He 
was a member of the Russian computer delegation that 
came to the U.S. in 1959. Mergelyan’s Institute (as it is 
called in Yerevan) was then developing three new com- 
upters: ARAGATS, RAZDAN, and YEREVAN, 
which have subsequently been completed. 

My attempts to visit Mergelyan’s Institute were 
frustrating, and they met with eventual disappointment. 
After many telephone calls over a two-day period, I was 
told that I should stop bothering the Institute with my 
telephone calls. They did not want to see me, and | 
* could not come over, they said. 


M. G. Zaslavskiy 


I spoke with M. G. Zaslavskiy of the Physical- 
Mathematical Faculty of the University at Yerevan. 
Though he is on the faculty at the University, Zaslav- 
skiy spends part of this time at the Computing Center. 
He is a mathematician who divides his effort betwen 
two kinds of studies: 1) theory of functions and theory 
of algorithms, and 2) theory of finite automata. He said 

his goal was to develop a general theory of algorithms at 
the foundations of mathematics, of which algorithms in 
‘the form of computer programs will turn out to be 
' special cases. In connection with this goal he wishes to 
study the link between the theory of algorithms and a 
general theory of computer programming. 

Some of his recent work has been in the theory of 
constructive functions. He has also been engaged in 
research on algorithms to define the addition and multi- 
_ plication operations in number systems more suitable to 
the representation of real numbers than present systems. 
All of this work is at the moment highly theoretical. 

In the theory of automata, Zaslavskiy has been study- 
ing the kinds of descriptions which can be given to 
events, and how such descriptions can be represented in 
automata having various numbers of states. He ties 
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this work to the work of Turing, Moore, and Glushkov. 
He stated that this work has just begun, and there are 
at present no results. 


Computing Center of the Armenian Academy of Sciences 


The Computing Center of the Armenian Academy 
of Sciences is physically located in a relatively new 
building in Yerevan. I learned from a taxi driver that 
the building was two or three years old. Later, Center 
personnel told me that it was only six months old. 

In my visit, I was led directly to the office of the 
Director of the Computing Center. The Director, 
Alexandreyan, was not present, and his assistant, 
Tsaakian, presided over the interview. The only other 
person present was B. M. Grigorian, head of the me- 
chanical translation project at the Center, who spoke 
very good English. 

The Center is organized into three divisions: 1) 
Theoretical Explorations, 2) Programming, and 3) 
Machine Translation of Languages. 

The Division of Theoretical Explorations is currently 
working on problems of differential equations, func- 
tional analysis, theory of algorithms, and problems in 
mathematical logic. The head of the Computing Center 
is also the head of this division. Zaslavskiy is affliated 
with this division. 

The Division of Programming is concerned with the 
solution of practical programming problems. It seems 
that this Division is not working on any advanced 
techniques, nor is it constructing any kind of automatic 
programming language. 

The Division of Mechanical Translation, headed by 
Grigorian, is presently working on the problem of 
translating the Armenian language into an intermediate 
language, an artificial logical language. Grigorian, a 
philologist by training, also lectures at the University. 
The Division consists of twelve people who work on a 
permanent basis, plus some interested people from the 
University; it is gradually being enlarged. When I 
asked Grigorian about the interest among philologists 
in mechanical translation, he told me that the course he 
offered in mechanical translation at the University in 
1959 was attended by about forty or fifty people. This 
figure might not be surprising for a university in Mos- 
cow, but in Yerevan it is astounding. 

I judge that the Center’s program in mechanical 
translation is not far along. Under their translation 
scheme, a sentence is analyzed at three levels: 1) 
graphical analysis of symbols, 2) morphological analysis, 
and 3) syntactical analysis. The end product of transla- 
tion of a sentence from Armenian into the intermediate 
language is a string of numbers representing the words 
and their interconnections. After a word is located in 
the interlingual dictionary, its number is entered into 
the translation. If there are various meanings for a 
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word, the conjunction of all the various meaning num- 
bers is entered. So far, the resolution of multiple mean- 
ings is accomplished only by the use of grammatical 
clues. 

Grigorian said he was writing an automatic program- 
ming language for mechanical translation. When I 
probed on this point, it turned out that the automatic 
programming language was really just a convenient set 
of subroutines for analyzing various features of sen- 
tences. Grigorian called these subroutines “operators.” 
In the language there is a total of fourteen operators: 
some of these search for various features of sentences; 
one reduces disjunctions; another is for output; and so 
on. As far as I could determine, this language embodies 
no new ideas about memory structures for information 
processing. 

In 1960 the Center had only one computer, an M-3. 
I was told that they consider this machine much too 
small for their present purposes. An M-20 is on order 
from Moscow and should be in Yerevan by the end of 
the year. Also on order, locally from Megelyan’s In- 
stitute, is an ARAGATS computer, but the date of 
arrival of this computer was uncertain. 


V. Hasty BusINEss IN KIEV, CAPITAL OF THE 
UKRAINIAN REPUBLIC 


Background 


Kiev is touted as a major center for cybernetic re- 
search in the Soviet Union. Mentioned in various 
publications were the following research projects 
which were supposedly going on in Kiev: 


Simulation of the higher nervous system. 

Pattern recognition. 

The mathematical foundations of constructing ma- 
chines for diagnosis of heart ailments. 

Machine learning and nerve synthesis. 

Programs for checking the validity of mathematical 
proofs. 

Automatic machine make-up of train schedules. 

So-called “economic cybernetics.” 


A cybernetics conference in Kiev in 1958 had set up 
an Institute of Higher Nervous Activity in Kiev under 
the direction of Professor Amosov. While in London I 
made the acquaintance of a traveling Russian by the 
name of Dr. Ivakhnenko, whose work in Kiev was in 
the field of “technical cybernetics,” the theory of self- 
optimizing control systems. I was, therefore, most in- 
terested in exploring the status of research in these areas 
in Kiev. 

In a scheduling decision which in retrospect I con- 
sider ill advised, I had planned a visit of only two days in 
Kiev. I arrived a day late in Kiev because of air-travel 
difficulties. There had been some flexibility in my 
schedule which I attempted to exchange for two extra 
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days in Kiev. Unfortunately, Intourist would not allow 
it, and the whole of my Kiev activity was crowded into 


one day. 


Computing Center, Ukrainian Academy of Sciences 


My call to the Computing Center of the Ukrainian 
Academy of Sciences brought a quick response, and I 
was immediately taken there by car. The Center is 
located in a relatively new building in an outlying dis- 
trict of Kiev. I was greeted with warmth and enthusiasm 
by Dr. Glushkov, Director of the Center, and a top 
theoretician. He spoke in some detail about his work. 
He spoke English haltingly, but seemed to understand 
everything I said. 

The Computing Center has a so-called KIEV com- 
puter which was built by the Center, but we spoke very 
little about it. We talked mainly about the research 
work of the Center and the work of Glushkov himself. 


He is concerned primarily with problems of abstract 


automata. However, he has also been working (with 
graduate students) on the problem of teaching a ma- 
chine to recognize a meaningful phrase. 

A limited vocabulary, consisting of twenty nouns, 
fifteen verbs, and fifteen to twenty adverbs, is selected. 
Glushkov pointed out that once these words are chosen, 
it is possible to enumerate all sentences containing 
these words and then tell the machine which of these 
possible sentences are in fact meaningful. But because of 
the number of possible combinations, this is obviously 
the wrong way to approach the problem. 

The goal is to expose some meaningful phrases to the 
machine, and, after certain processing, have the ma- 
chine tell you whether or not a new phrase is meaning- 
ful. If the machine makes a mistake, it is told that the 
response was in error. The idea is to have the machine 
form classes from particular instances given to it. For 
example: Suppose a class of “standing objects” is set 


up—house, boy, man, child. When sentences with the — 


verb “think” are given for the first time, the machine 
will correctly announce that “boy thinks,” “man 
thinks,” and “child thinks” are meaningful phrases, but 
will incorrectly announce that “house thinks” is a 
meaningful phrase. The machine will then start a new 
class for the variant item, that is, a class of objects 
which “stand but do not think.” Admittedly, the pro- 
liferation of such classes may be quite large, but, 
Glushkov maintains, much smaller than the set of 
sentences arrived at by enumeration. This class-splitting 
and class-building process is also carried out for noun- 
verb-adverb sentences. 

Another active research project at the Kiev Com- 
puting Center is pattern and character recognition. 
This research is accurately described in the report of 
the 1959 Computer Delegation.’ The work has pro- 
ceeded in two phases. The first phase, which is now com- 
plete, consists of a tracking program which scans letters 
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_and follows their edges. The essential principle is ele- 
gantly simple. A cathode-ray beam provides a light 
spot which is focused through a lens onto the scanned 
letter. The light reflected from the letter is collected by 
a photo-multiplier tube. The collected signal gives 
light-dark information. The beam moves with unit 
steps in small squares, clockwise in a white field and 
counterclockwise in a black field. This process is illus- 
trated in Fig. 1. 


Path 
of Beam 
| ie Black 
Field 


Fig. 1—Movement of beam in character recognition 
of Kiev Computing Center. 


To prevent cycling of the beam in an all-white or all- 

. black area, the tracking mechanism adjusts itself to 

' move two units at a time when two successive unit 
moves have produced no change from white to black or 
black to white. This simple mechanism will result in a 
rough tracking of the edges of a letter. 

At each point where the beam changes direction, a 
new average direction is computed and coded. In this 
coding, only eight directions are recognized: 0°, Aes 
90°, 135°, 180°, 225°, 270°, and 315°. A recognition 
system based on this coding is, therefore, insensitive to 
slight rotational changes in the letters. Large rotations, 
however, cannot be tolerated. It was mentioned that 
this lack of discrimination is not a source of concern 
‘because “rotation of letters is never an allowable opera- 

tion in ordinary printing and reading.” 

The second phase of the project is as yet unsolved. It 
concerns the problem of what to do with the codes that 
result from tracking a letter. Currently, the people at 
the Computing Center are gaining experience with the 
kinds of codes produced by the tracking system operat- 

- ing on real letters. They hope to find certain invariances 
~ among the codes taken from the same letter. What they 
are looking for is a set of good discriminators which 
will sort out the various letters, digits, and characters. 
This effort as yet has not been successful, and they sug- 
gested that they need a great deal more experimentation 
with the system. 
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Concluding Notes 


The one day available to me in Kiev was spent en- 
tirely with Glushkov. Since I had no time to explore my 
original hypotheses about research activity in Kiev, I 
was forced to obtain information second hand from my 
host and his colleagues at the Computing Center. 

1) There is little contact between the Institute of 
Higher Nervous Activity (Professor Amosov, Director) 
and the Computing Center research group. Glushkov 
knew of no activity at the Institute on the construction 
of mechanical brain models, brain model simulation, 
nerve-net synthesis, or other theoretical or experimental 
work on brain functions (using either special purpose 
machines or computer programs). The extent of Glush- 
kov’s knowledge was that the Institute has been doing 
some work in the area of medical diagnosis by com- 
puter.” 

I find it difficult to believe that this is the actual 
state of affairs at Amosov’s Institute. The Institute was 
set up by special fiat at a cybernetics conference in Kiev 
in 1958, to foster cybernetic research in Kiev. The title 
of the Institute is indicative of the intentions of the 
Academy of Science in forming the group. However, no 
one in Moscow knew much about the group, which may 
indicate that it is indeed moving slowly. 

2) The Computing Center itself has no project in 
medical diagnosis by computer and is planning no 
such effort. 

3) Glushkov knew of no work on nerve-net synthesis, 
learning machines, or thinking machines in Kiev. 

4) Of the much-touted work on the so-called eco- 
nomic cybernetics (e.g., large-scale economic planning 
by machine), there is no work under way presently at 
the Center. However, Glushkov expressed the hope 
that a project in this area would soon develop. 

Machine economic planning is a research area of 
tremendous economic importance to the Soviet Union. 
Significant Russian progress in this area will increase 
Soviet economic potential. A criticism directed against 
the Soviet centralized (or relatively centralized) system 
for economic allocation of resources is that it is im- 
possible to plan or coordinate centrally for an economy 
on as large a scale as the Soviet Union. The advent of 
sophisticated ways of using computers could change 
this. Large-scale, centralized, efficient economic plan- 
ning and control by digital computers may be feasible 
in the relatively near future. Soviet progress in this 
area is of great interest. 

5) On the applications of computers to operations re- 
search problems, the Center hopes to begin work soon 
in the area of linear programming. Specifically with 
regard to automatic construction of schedules, railway 


2 H. Pick of the University of Wisconsin, Madison, in a private 
conversation, suggested that Amosov’s Institute was studying 
thinking processes of individuals with brain damage. 
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timetables, and similar problems, Glushkov knew of no 
such research project in Kiev. 

I was not able to visit either the Institute for Elec- 
trical Engineering or the Institute for Automatics of 
Gosplan. However, from conversations with various 
American delegates, I understand that the directors of 
these institutes, Milach of the Institute for Electrical 
Engineering, and Melnik of the Institute for Automatics 
of Gosplan, attempted to meet reasonable requests for 
visits. 


VI. Brier NoTES FROM LENINGRAD 


In preparation for my visit to Leningrad, I wrote to 
Professor Vallender of the Computing Center of Lenin- 
grad University and Professor Kantorovich of the Uni- 
versity. A month before I came to the city, Professor 
W. Reitman laid a foundation for other interesting con- 
tacts; one of these was the well-known and highly re- 
garded physiologist, Mme. Chistovich. In Moscow, 
scientist friends had suggested other people and places: 
Dr. Andreyev, of mechanical translation fame, and 
LOMI, the Leningrad Division of the Steklov Mathe- 
matical Institute of the Academy of Sciences of the 
U.S.S.R. One of the projects of the Institute is the de- 
velopment of PRORAB languages, with which Kan- 
torovich’s name has been associated. I had many po- 
tential contacts in Leningrad and anticipated a heavy 
schedule of activity. 

Although the midnight sun shone in Leningrad, the 
climate for cross-cultural contact was frigid. I was not 
the only American scientist in Leningrad at the time to 
experience this phenomenon. Other scientists, delegates 
of the IFAC Congress, at least one of whom gave lec- 
tures in Leningrad during his visit, had equally difficult 
dealings. It was a frustrating few days. People were 
either out of town, unavailable, ill, or busy. Intourist 
made contacts difficult: when I asked Intourist to con- 
tact a Mr. Karimov for me (a lawyer interested in 
cybernetics), I was asked why a cybernetics scientist 
would want to speak with a lawyer. 


LOMI 


I had the address of LOMI; I took a taxi and arrived 
unannounced. They were indeed surprised. They held a 
quick conference and sent me back to the hotel, os- 
tensibly for an interpreter. This was, in fact, a delay, 
for when I returned with the interpreter, she was of 
little use. She could not translate technical terms; the 
people at the Institute spoke fairly good English; and 
besides, they were not in the mood to communicate. 

LOML is located in an old dilapidated building which 
it shares with another institute (which I believe is the 
Institute of Electromechanics). From what I could 
gather, LOMI has a STRELA computer, but I did not 
see it. They asked me to define carefully what I was 
interested in discussing. I mentioned nonalgebraic com- 
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puter languages, PRORAB languages, and the develop- 
ment of PRORAB languages at LOMI. Thus began 
one of the most noncommunicative briefings I have ever 
experienced. Interspersed between comments of some 
information content was cross-chatter in Russian about 
what they could and could not tell me. 

It seems that there are currently five classes of 
PRORAB languages: 1) Matrix PRORAB, 2) Poly- 
nomial PRORAB, 3) Algebraic Compiler PRORAB, 4) 
Universal PRORAB (or, as they later called it, Pro- 
gram PRORAB), and 5) Algebraic Transformation 
PRORAB. The only one of these we discussed was 
Polynomial PRORAB; I asked about Universal 
PRORAB, but received no answers. 

Polynomial PRORAB is a nonarithmetic analytic 
computer language for operating on polynomial expres- 
sions. Some of the operations which they mentioned as 
included in the language are truly remarkable for the 
current state of the art of symbol-manipulating lan-| 
guages. For example: differentiate a polynomial; in- 
tegrate a polynomial; and solve a polynomial equation. 
It is difficult to believe, in fact, that they have what 
they say. The STRELA memory has only 2048 mem- 
ory cells. The PRORAB system for polynomials, they 
claim, occupies only 350 cells and the rest are available 
for working memory. They were annoyed when I ex- 
pressed incredulity. I asked about the size of the pro- 
grams which realized the individual operators. The 
differentiation operator, they claimed, was programmed 
with only fourteen instructions. They showed me a 
sample of PRORAB programming, which was impossi- 
ble to decipher, for it was coded entirely with numbers 
(they have no alphabetic devices). 


Other Individuals 


Gerschuni, whom I did not meet personally, of the 
Physiological Institute (Academy of Sciences, U.S.S.R.) 
in Leningrad was mentioned as having an interest in 
sensory processes and information theory.'8 

Professor Kantorovich of the Leningrad University 
probably will not be located in Leningrad in the near 
future. He will be moving to Novosibirsk where he 
will direct work in mathematical economics. Mme. 
Chistovich, the physiologist, will also be moving; she 
has been called to Moscow to the Academy of Sciences. 


VII. INTELLIGENT CONVERSATIONS ON INTELLIGENT 
MACHINES IN RIGA, CAPITAL OF THE 
LATVIAN REPUBLIC 


The program of a cybernetics conference held a few 
years ago in Kiev lists a paper on “Self-Instructing 
Electronic Computers,” by E. I. Arin. I learned, while 
in Moscow, that Arin was Director of the Academy of 
Sciences Computing Center in Riga, Latvia. 


8 Dr. W. Ross Adey of UCLA in recent private conversations 
about his visit to Leningrad, confirmed this report. 
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Dr. E. I. Arin 


Immediately after checking in at the hotel in Riga I 
phoned Arin. Much to my amazement, I was able to 
reach him with no trouble and a meeting was arranged 
in short order. In our conversations we were joined by a 
young scientist, speaking good English, who was direct- 
ing the new mechanical translation project in Riga. 

Until recently, Arin was Director of the Computing 
Center of the Latvian Academy of Sciences, which had 
only a small M-3 computer. Now, however, the Com- 
puting Center at the Academy has been de-emphasized, 

-and a major effort will be made to build a strong Com- 
puting Center at the Latvian State University at Riga. 
_Arin was appointed Director of this Center and for the 
past year has been working at the administrative task 
of organizing the Center and obtaining a strong staff. 
Thus, his own research has come temporarily to a halt. 

Arin mentioned that the focus of computing-machine 
activity was shifted from the academy to the university, 
for it was felt that education in this area was a high- 
priority goal. There is a prime need to train students, 
and it was felt that the Computing Center (in a city 
which could have only one) should be at the University. 
Arin estimated that by the end of the year the Univer- 
sity would get its BESM II computer. Following the 
Soviet style, some of the pieces (the adder and the 
frame) had arrived from Moscow, and Arin’s engineers 
were assembling the machine. Arin wants to start the 
Center with a nucleus of about fifty people; he is mak- 

- ing trips to other cities in the U.S.S.R. to try to induce 
well-known people to work with him in Riga. In- 
cidentally, Riga, with its beach and generally favorable 
climate, is often mentioned by Russians as a beauty spot 
and a highly desirable place to visit. 

Arin’s plans for the Computing Center include: 1) a 
strong group in differential equations and numerical 
methods for computers, and 2) a more theoretical sec- 
tion working on intelligence in machines and other ad- 
vanced topics. It is interesting that he plans to build 
this second section mainly from his university stu- 
dents. His reason, he indicated, was that he had no 

other resources to tap in the field of intelligent machines 
’ in the other cities of the Soviet Union. He would have to 
train students. 

The typical situation will prevail concerning the 
utilization of the Computing Center. The BSEM II 
will be the only big computer in Latvia. The Center will 

handle the problems of the University and the problems 
of industry, both of which will have priority over basic 
research on computers. There will, of course, be an 
initial period of low utilization, during which Arin and 
his students hope to get some research done. After that, 
most of the computing time will be occupied by higher- 
a priority problems, and Arin is pessimistic about the 
chances of doing research on this machine. Arin men- 
tioned that the high-priority computing projects of the 
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Center were problems in quantum physics and crys- 
tallography. 


Arin’s Work on Intelligent Machines 


We discussed Arin’s so-called self-instructing elec- 
tronic computer. The work was accomplished in 1955 
and 1956 at the Academy of Sciences Computing Center 
in Moscow; Dr. Yershov was one of his good friends 
there and had helped him carry out this project. 

Arin began the explanation of his problem-solving 
machine by reviewing an experiment of Pavlov." In the 
experiment a monkey is taught the solution to a com- 
plex problem by first being taught the solutions to a 
series of simpler subproblems. Each new subproblem is 
built up from the previous problem by adding a new 
element to the task. The monkey is taught to pick up 
and eat an orange. The orange is then encircled by a 
ring of fire. The monkey is provided with a cup of 
water. He learns to use the water to put out the fire 
and then pick up the orange and eat it. The water is 
then made inaccessible. The monkey is given a jug; he 
learns to retrieve water to put out the fire; etc. Arin 
was motivated by the experiment to program this kind 
of learning mechanism for a computer to enable the 
machine to learn to solve complex problems. 

The program learns to solve simple algebraic equa- 
tions of three types: 


Type 1) ax+dx+c=dx+ex+f. The form of the 
answer is x=f’. 

Two simultaneous equations in two vari- 
ables, ax+by=c, dxtey=f. The form of 
the answer is x=c’, y=f’. 

Two simultaneous equations in three vari- 
ables, ax+by+cz=0, dxtey+fz=0. The 
form of the answer is y=fi(x), 2 =fo(«). 


Type 2) 


Type 3) 


Only six parameters were used in all of the problems. 
Six memory cells held the values of the parameters 
a, b, c, d, e, and f, which were initially set to zero, and a 
result form (or result vector) for each type of problem 
was stored. For example: for type 1 problems the result 
vector was (1, 0, 0, 0, 0, f’); for type 2 problems the re- 
sult vector was (1, 0, c’, 0, 1, f’). 

The rules of algebra were incorporated in the pro- 
gram as allowable transformations of the coefficients. 
For example, rule 1, a combining operation, transformed 
coefficient vector (a, 0, c, d, e, f) into vector (a+, 0, 
c, d, e, f). Rule 2, multiplication by a constant k, trans- 
formed the coefficient vector into (ka, kb, kc, kd, ke, 
kf). Rule 3, multiplication of one equation by a con- 
stant k, transformed the coefficient vector into (ka, kb, 
ke, d, e, f). Naturally, not all rules are applicable to all 
problem types, but the machine keeps a list which 


4 A description of Pavlov’s experiment may be found in: I. A. 
Poletaev, “Signal: O Nekotorykb Poniatiakh Kibernetiki,” Sovet- 
skoe Radio, Moscow, U.S.S.R.; 1958. 
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associates problem types, result forms, and the list of 
rules applicable to problem types. 

A restricted domain of integers is used: the set 
z=[—50, —49--- +50] but not including —1, 0, +1. 

The experimenter poses a problem of type 1, 2, or 3 
to the program. The values in the six coefficient work- 
ing cells are set to zero. A coefficient a, b, c, d, e, or f is 
chosen randomly. The value for this coefficient is then 
chosen randomly from zg. Thus, for example in a type 1 
problem, this step might give a vector (0, 7, 0, 0, 0, 0) 
corresponding to the equation 0x+7x+0=0x+0x«-+0; 
that is, 7x =0. Rules are now selected in an attempt to 
reduce this form to the form of the result for the prob- 
lem type. The selection is performed randomly, but the 
rules have attached to them probability weightings of 
selection which vary with the experience of the program 
and which reflect the usefulness of particular rules in 
aiding problem solution. Hence, useful rules eventually 
achieve a high probability of selection. For any one 
event, arule is judged useful if its application meets one 
of two criteria—if a coefficient is reduced to either 0 or 1. 
When the result form is achieved, the program which 
achieved the success—that is, the problem in which the 
sequence of rules applied—is stored. 

The entire problem is now repeated five times using 
this program with other randomly chosen coefficients. 
This is done as a test of the generality of the results. If 
success is achieved on all of the repeated trials using 
the program, then the program is considered a success 
and the machine continues its learning. 

The machine then adds another coefficient, chosen 
randomly from the set z, to the coefficient vector. For 
example, the vector might become (0, 23, 0, 0, 0, 16). 
An attempt is made to find a set of additional program 
steps which will transform the new problem (slightly 
more complicated than the old one) into the form which 
the last program of rules was able to solve. The result 
is another program, this time slightly more complex. 
The process iterates until a program of rules is achieved 
which will solve problems of this problem type which 
have all six coefficients. 

The machine language program which realizes this 
consists of 12,000 STRELA commands. The STRELA 
operates at 2000 operations per second, and requires 
about 40 minutes to solve one problem with this proce- 
dure—that is, to work out the program of rules for solu- 
tion of a particular problem type. 

Any one of the problems on which the machine works 
as part of the “chain of problems” leading to the ulti- 
mate program for solving the problem with six co- 
efficients is of this form: transform some equation form 
(specified by an “existence vector” for various co- 
efficients, e.g., 1, 1, 0, 1, 1, 1) into the result form. 
When the machine discovers a program, it stores this 
program with a “key” that signals that this program 
transforms some “coefficient existence vector” v into 
the result vector. At each successive stage of complica- 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


December 


tion of the problem (i.e., the building up of bigger pro- 
grams) the machine searches for a rule which will trans- 
form the equation form with which it is working into a 
form for which a program already exists. For problem 
type 1, this can always be done with the addition of one 
new program step at each complication of the problem. 
For problem types 2 and 3, more than one additional 
program step is needed in general, but Arin has proved 
that no more than three are ever needed. 

Suppose that more than one program step is needed. 
How is such a linked set of program steps arrived at? A 
single program step is attempted (say, one involving 
the multiplicative constant k). If in two hundred trials 
with various k’s this step does not produce a trans- 
formed form for which a program already exists, then 
it is assumed that this rule is no good, and another rule 
is selected. When all the “one-step” tries are ex- 


hausted, random combinations of “two steps” are _ 


tried, and so on. 

When I observed that this was a very inefficient 
procedure, Arin agreed, but said that in practice it 
wasn’t so bad because of the action of the probability- 
weighting procedure for selecting rules. What I under- 
stood least well in Arin’s presentation was the proce- 
dure used for choosing k in the application of the multi- 
plicative rules, say rules 2 and 3. Arin observed that 
choosing k randomly from combinations of elements of 
z was much too “unlikely” a procedure. Instead, & is 
computed in one of three forms: 


a) k= k'/k", 
b) k= k'-k”, 
c) R= RHR", 


where k’ is either a member of the set w[—1, +1] or 
v[z], and k’’ is either a member of the set x la, b, c, d, 
e, f] or v[z]. For any particular trial & is chosen in the 
following manner: 1) A form for k is randomly chosen 
(form a, b, or c above). 2) The nset w or the set v (in the 
definition of k’ and k’’) is selected randomly. 3) Par- 
ticular elements in « or v (whichever is selected) are 
chosen randomly, giving a particular k’ and a par- 
ticular k.’’ 4) k is computed. Initially, all the various 
alternatives in the random choices (which comprise the 
decision just described) are given equal probability. As 
the system accumulates experience, those alternatives 
which prove to be useful have their probabilities of se- 
lection incremented at the expense of the unsuccessful 
alternatives. Hence, finding the right kind of k becomes 
easier, in general, with the experience of the program. 
Arin added one brief note. The process which selects 
k uses choice by “analogy.” An example of the analogy 
heuristic is the following: if 1/6 was a useful R in reduc- 
ing one of the coefficients (6) to 1, then try other com- 
binations of this form, say 1/a, or 1/c, to reduce other 
coefficients. We also discussed schemes for providing 
the program with examples and allowing it to discover 
the rules of algebra for itself, but this has not yet been 
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done. Our conversation then moved on to a more gen- 
eral discussion of problem-solving machines. 

Arin thinks of his algebra-learning program as “a 
toy,” an experiment devoid of useful purpose. He is 
unhappy with it because it is “too blind, too stupid.” He 
clarified this to mean that it operates with too much 
randomness. It was designed in this way initially be- 
cause he did not want to give the machine too much 
information about the task (remember, he took his cue 
from Pavlov’s problem-solving monkey). Arin was 
particularly dissatisfied because his algebra machine 
“worked forward”; he felt that “working backwards” 
was necessary for effective problem solving. This 
statement led into our discussion of problem-solving 
heuristics. 

Arin displayed a deep understanding of the research 
problem at the core of studies of intelligent machines. 
He diagrammed a problem-solving task for me as a 
labyrinth of possible avenues toward a solution. He 
said that measures of progress toward the goal were 
_essential for the solution of a problem. In problems of 
numerical approximation, the notion of progress was 
obvious. In intelligent problem solving, however, prog- 
ress was much less clear. He mentioned the use of 
cues to constrain exploration of the labyrinth. He said 
that cues could come from the problem information it- 
self, or from outside the problem, though he was not 
sure how one brings external cues to bear. To illustrate 
he offered this example: suppose one knew that the 

_goal-exit of the labyrinth was near an exterior pool of 
’ water. From inside the labyrinth one could throw out 
stones and listen for a splash. The sound of the splash 
could then direct the search toward the exist. 
- As Arin spoke on this topic, I saw that many of the 
basic pieces of the heuristic theory of problem solving 
developed by Newell, Shaw, and Simon were present in 
“his thinking. Interestingly enough, he seemed not to 
have thought of the role that experimental psychology 
might play in his research on intelligent machines, even 
though his work on the algebra machine was triggered 
by an experiment of Pavlov’s. 

At one point in our discussion, I mentioned the 
Newell-Shaw-Simon chess-playing program. Unlike 
‘others I met who dismissed the program as useless or 
impractical, Arin showed a keen interest. He was in- 
terested in writing a chess-playing program. He wanted 
to know what expert aid Newell, Shaw, and Simon had 
enlisted in designing their chess-playing program. His 
expert aid would be Michael Tal, the former world’s 

‘chess champion who lives in Riga.” The goal of his 
work will be to design a chess program to beat Michael 
Tal. He did not feel this was an impractical goal. 


1 A recent and fascinating article, M. Botvinnik, “Men and 
machines at the chessboard,” Soviet Rev., vol. 2, pp. 55-59; March, 
1961, written by the world’s chess champion, who is also an engineer, 
cites Tal as saying that it is impossible to build an intelligent chess 
machine. Botvinnik himself, I understand, is helping to program 2 


chess machine 


Arin’s Speculation on Future Work 


Arin and I discussed some of the more speculative 
ideas he has been considering. He proposes to model the 
human organism as an abstract machine and to search 
for the not-so-obvious properties of such a machine. 
Stated quite generally, he sees the human organism as a 
closed system, with input, output, and processes for 
self-organization, self-regulation, and _ self-main- 
tenance. He proposes to model each separate subsystem 
of the body’s machinery according to its particular 
function, focusing his analysis on the control of this 
machinery by a central computing device—his model 
of the central nervous system. Certain assumptions 
will be made about the nature of this central computing 
device and the machinery it controls—assumptions, 
for example, about its signal-transmission rate, rate of 
failure, rate of self-repair, and other properties of its 
self-regulation and self-maintenance machinery. 

Arin posed the following question: Given a theory of 
the human machine constructed from a set of reason- 
able hypotheses about the body’s machinery, one can 
deduce as a property of this machine that it is mortal? 
Or can it be proved that the machine might possibly 
live on indefinitely under certain conditions? Regardless 
of the chances of answering this question or others like 
it, from this approach Arin believes that the research 
will have great theoretical, and perhaps practical, in- 
terest. Of course, he wants to study not only the mor- 
tality properties of the system, but also other theoretical 
properties of self-regulating, self-maintaining closed 
systems. 


Comments on Computers 


Arin and I briefly discussed the present state of 
Soviet computers. He said that they were having dif- 
ficulty perfecting the process for making reliable tran- 
sistors, but that the problem was gradually being solved 
and they would soon have fully transistorized ma- 
chines. He admitted that computer time was scarce, 
and, as I have already mentioned, he was somewhat 
worried about the future of his own research. 


Evaluation and Conclusion 


I shall try to summarize briefly my impressions of 
Dr. Arin. His understanding of the problems of build- 
ing intelligent machines is genuine and deep. He has 
discovered the appropriate constructs and terminology 
for discussing problem solving by machines. His al- 
gebra machine cannot be classed now as an achieve- 
ment of great lasting significance. But, on the other 
hand, it is neither trivial nor unimportant. Reflect on 
the fact that it was done in 1955 and 1956, roughly the 
time of the first successful heuristic problem-solving 
program written in this country. 

There is the possibility that if Arin had had sub- 
stantial computing power available to him during the 
past few years (instead of the use of only his very 
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small M-3), he and his students might have independ- 
ently discovered the Newell-Shaw-Simon formulation 
of heuristic problem-solving programs for computers. 
But that is a big “if.” The essential point is that Arin 
did not have this computing power available to him. 
His research has no computing priority. He does his re- 
search in his spare time, as it were. At the present time 
Arin has an administrative role which will further re- 
strict his research activities. 


VIII. SomE OBSERVATIONS ON THE STATE OF COMPUTER 
TECHNOLOGY IN THE SOVIET UNION 


I concur with the opinion of most U. S. computer 
scientists who have visited Russia that at present the 
U. S. has a definite lead over the Soviet Union in the 
design and production of computing machines, but 
that there is no gap in fundamental ideas, with the 
possible exception of the production of reliable tran- 
sistors. With the importance of computers to modern 
science and technology, there is no doubt that fairly 
soon the Soviet Union will be producing as many com- 
puters as we do. To what extent they will utilize these 
computers effectively, and in what new ways, I have no 
immediate answer, but my trip did provide me with a 
few indications, as follows: 

1) There appears to be a substantial body of high- 
caliber scientists and mathematicians, particularly in 
Moscow and Kiev, and perhaps in a few other places, 
who are informed, interested, and active in such re- 
search areas as cybernetic theory, brain models, learn- 
ing machines, computer control of information, lan- 
guages, and computer utilization in economic planning. 
If the reader wants to convince himself of this ob- 
servation, I suggest that he scan the table of contents 
of the impressive five-volume series, “Problems in 
Cybernetics,” edited by Lyapunov.® It is also not in- 
significant that the active motive force behind this 
work was, and still is, A. A. Lyapunov, one of the fore- 
most mathematicians in the world today. 

2) It appears that research in the computer sciences 
is directed centrally from Moscow. This unstartling ob- 
servation is meant to imply that there seems to be little 
place for independent inquiry motivated by curiosity 
in this new and relatively unstructured research area. 
But where will the new ideas for the next generation of 
research come from? From the West? In that case, 
there will always be a lag between their research and 
ours. 

Once the decision is made in Moscow to push a par- 
ticular kind of research, resources can be concentrated. 
The mechanical translation effort is a case in point. Has 
the decision been taken to make a comparable effort in 
the area of artificial intelligence? This is not yet clear. 
There is some evidence that initial steps have been 
taken, but as yet the evidence from results is minimal. 

3) Students are being trained on a broad scale in 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


December 


Moscow, Kiev, Leningrad, Riga—yes, even in Yerevan. 
This is an investment of great significance. Dr. Yershov 
himself was a student of Lyapunov in Moscow just a 
few years ago. The Soviet pool of competent scientists 
oriented toward cybernetics and advanced application 
of computers is growing. The full exercise of this po- 
tential will await a time when computing machine re- 
sources are less scarce and can be diverted with some 
priority to the research. 


EPILOGUE 


This report was written in late 1960. In a research 
area as dynamic as the computer sciences, it is inevi- 
table that such a report is soon a bit out of date. I should 
like to update the report by mentioning a few Soviet 
developments which have recently come to my atten- 
tion. 

1) Volume V of “Problems in Cybernetics”® has been 
published. It includes a new section, “Problems in 
mathematical economics.” In the Preface Lyapunov, 
the Editor, writes that mathematical economics 
“ ..is at present becoming very important,” and 
cites a number of references to publications in linear 
programming (including translations of important 
American work in the field). 

2) An article in the English-language Moscow News 
of August 12, 1961, entitled “The mechanical mind and 
creative endeavor,” cites some Soviet research in 
artificial intelligence. Among the projects mentioned is 
that of Professor Amosov (Institute of Higher Nervous 
Activity, Kiev) on medical diagnosis by computer. A 
music composition program by R. Zaripov of the Uni- 
versity in Rostov-on-Don is also described. 

A complete translation of the research report on 
music composition with the URAL computer will be 
found in Automation Express, November, 1960. The 
program itself is not very interesting. It is significant, 
however, that in a provincial “small computer” city, 
research of this type is being given some priority for 
scarce computer time. 

The same thought recurs with regard to reports of 
recent Russian attempts to program a chess-playing 
machine. During my trip, I discussed chess-playing 
programs with a number of Soviet scientists, and no one, 
with the exception of Dr. Arin, thought that these 
programs amounted to anything more than a frivolous 
waste of valuable resources. Yet a group, reported to 
contain Botvinnik, chess champion and engineer, is now 
attempting to write such a program, and computer 
time (on a BESM II, it is reported) is being allocated 
for this effort. ; 

3) Though these few swallows do not yet make a 
summer, the implication is that computer time is be- 
coming less scarce and that research on artificial intelli- 
gence and other advanced applications of computers is 
beginning to achieve a priority which it did not seem to 
have just one year ago, 
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ORGANIZATION OF THE IFAC CONFERENCE 


A. Theory 


1) Theory of continuous linear systems 
2) Theory of continuous nonlinear systems 


3) 
4) 
5) 


Theory of discrete systems 
Stochastic problems 
Theory of optimum systems 


6) Theory of self-adaptive systems 
7) Theory of structures and methods of signal design 
8) Special problems of mathematics 


9) 


B. Components 


Simulation and experimental methods 


1) Electric and magnetic elements of control sys- 


tems 
2) 


Electric computing and analog devices, pro- 


gramming elements and controlling machines 


3) 


Transducers, elements and systems of automatic 


and remote process control 


Pneumatic automatic and computing devices 
Devices and systems of automatic control 


C. Industrial Applications 


1) Automation in machinebuilding 


2) 
3) 

tries 
4) 
5) 
6) 


D. General Problems 


Automation of power systems 
Automation in chemical and oil-refining indus- 


Automatic electric drives and electric machines 
Automation of metallurgical processes 
Nonclassified problems 


APPENDIX III 


TECHNICAL Excursions: INSTITUTIONS VISITED BY DELEGATES 
OF THE 1sT INTERNATIONAL IFAC CONGRESS 


Institution 


Excursion Program 


Moscow, June 27-July 7 


Institute of Antomation 
and Telemechanics, 
USSR Academy of Sci- 
ences 


Computation Center, 
U.S.S.R. Academy of 


Sciences 


Institute of Mining, 
U.S.S.R. Academy of 


Sciences 


Moscow State Univer- 
sity 


Moscow Power Institute 


Automatic control systems (adaptive, etc. ). 
Telemechanical control systems (for oil 
fields, coal mines and power systems). Elec- 
tric, pneumatic and hydraulic devices for 
automatic control systems. Analog com- 
puters. 


The “URAL” and “BESM II” electronic 
computers for mathematical problems. 


Automatic and remote control systems 
for the coal-mining and ore-mining indus- 
tries. 


General principles of instruction and teach- 
ing methods. Work in progress at the chairs 
of theoretical mechanics and computer 
techniques. 


General principles of instruction and teach- 
ing methods. Work in progress at the 
general science and specialized chairs. 


Institution 
First State Bearing Fac- 
tory 


“Krasny Proletariy” 
Machine-Tool Factory 


Moscow Small-Power 
Car Factory 


Second State Watch and 
Clock Factory 


Power Station 20 of the 
Moscow Power System 


Load Dispatch Center of 
the Moscow Power Sys- 
tem 


Control Center of the 


Moskova Canal (Ya- 
khroma, Moscow  re- 
gion) 


December 


Excursion Program 
Fully automatic production lines for the 
manufacture of bearings. 


Integrated automatic gear manufacture 
line. Lathe assembly line. 


Automatic lines for machining engine | 


parts. 


Watch assembly line. 


Automatic control of boilers. 


Automatic and telemetering control of 
power systems. 


Telemechanical control of pumping sta- 
tions. 


Leningrad, July 4-July 7 


Institute of Electrome- 
chanics, U.S.S.R. Acad- 
emy of Sciences 


Leningrad Institute of 
Electrical Engineers 


State Observatory, 
U.S.S.R. Academy of 
Sciences (Pulkovo) 


“Vibrator” Plant 


Sverdlov Machine-Tool 
Factory 


Distillery 


Electro-dynamic analog for a power sys- 
tem, automatic control of telescopes, fre- 
quency converters. 


General principles of instruction and teach- 
ing methods. Research program of general 
science and specialized chairs. 


Tour of the Observatory, astronomic in- 
struments and devices used (a device for 
timing stars crossing the Pulkovo merid- 
ian, photoelectric coordinate reader). 
Laboratory of radioastronomy (radio-tele- 
scope). 


Manufacture of electrical measuring in- 
struments: high-grade precision laboratory 
instruments, multi-channel recording oscil- 
lograph, photo-call instruments, manu- 
facturing technology of miniature parts. 


Manufacture of program-controlled jig 
borers and semi-automatic machine-tools 
(copying machine-tools, etc.). 


Ce shop (washing, bottling, cork- 
ing). 


Kiev, July 4¢-July 7 


Computation Center, 
Ukrainian Academy of 
Sciences 


The Paton Electric 
Welding Institute, 
Ukrainian Academy of 
Sciences 


Institute of Automation, 
Ukrainian Academy of 
Sciences 


“Tochelectropribor” 
Plant 


The KIEV, URAL, and SESM electronic 
computers for mathematical problems. 


New welding techniques and equipment. 


Automatic control systems for iron-and- 
steel and chemical works, power systems, 
coal and ore mining, gas fields and engi- 
neering factories. 


Process control in plastic parts shops, and 
assembly line for high-grade electric meas- 
uring instruments. 
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Correspondence 


Rapid Technique of Manual or Ma- 
chine Binary-to-Decimal Integer 
Conversion Using Decimal 

Radix Arithmetic* 


Often one has the problem of converting 
large binary integers to their decimal equiv- 
alent without the aid of a machine or conver- 
sion tables. Then one usually attacks the 


‘problem by expanding the series; adding in 


the binary or octal coefficients, multiplying 
by two or eight, respectively, starting with 


‘the most significant and proceeding to the 


least significant digit. Utilizing this series 
expansion another technique can be devel- 
oped which is simpler and yields a result in 
relatively short order. (The author notes 
that he is not the originator, but to his 
knowledge this technique has not been pre- 
viously published.) The technique seems 
novel and worth the attention of PGEC 


* readers. The following steps describe the 


process: 


1) Organize the binary digits in groups 
of three, inserting one or two zeros at 
most significant end if required. 

2) Convert each three bit group to its 
octal equivalent. 

3) Select most significant octal digit and 
double, using radix ten arithmetic. 

4) Shift result of previous step right one 
position and subtract from operand. 

5) Select most and next-to-most sig- 
nificant digits of newly formed op- 
erand, double using radix ten arith- 
metic, and repeat step four. 

6) The final subtraction occurs when the 
shifted duplation registers its Least 
Significant Digit (LSD) under the 
LSD of the operand. The number in 
the desired radix is represented by the 
final operand, i.e., the result of the 
final subtraction. 


Summary: For each ith iteration, select 
the i most significant digits, double, shift 
right one position, and subtract from op- 
erand to form new operand. When LSDs of 
subtrahend and operand are in same posi- 
tion, the final operand is the decimal equiva- 
lent of the original octal number. 

Analysis: 


Np= YS ai p' = an f+ dna pit: 
0 
+ ao: p° 
No = > big = bmg” 4 Bm aqme: 
0 
+ bo-¢ 
where N, is equivalent to INGE 
A statement of one iteration of the.re- 
cursive process describing this proposed so 
lution can be expressed. 


i—2 


Nz; = (rs-q + aj — 5-7;) pe ait u a;: p*, 


* Received by the PGEC, August 28, 1961. 
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where 7;=dn, if N;=Np, also 6=q—pP. 
Ni = (ig + Ga — eg + ef) Pe 
1—2 
+ >i a: pt 
0 
(ep 
Ni = (rip + aa) p+ DE aie pi. 
0 


This final statement expresses one itera- 
tion of the well-known technique utilizing 
expansion properties of the known series. 
More rigid proofs are left to the reader. 

Example: 


Binary number 111,110,101 ,000,011 ,101 ,001. 
is 


Octal number 7650351. 2=14 
ist iteration a 

ist iteration ~ 6250351. 62-2 =124 
2nd iteration 128 

2nd iteration ~ 5010351. 501-2 =1002 
3rd iteration 1002 

3rd iteration 4008 -2 =8016 


4008351. 
A 
4th iteration — 8016 
4th iteration 3206751. 32067 -2 =64134 
A 
5th iteration — 64134 


2565411. 256541 -2 =513082 


5th iteration 
6th iteration — 513082 


end, desired decimal 
number. 


6th iteration 2052329. 


Conclusion: The technique described is 
simpler than the recursive process of adding 
in octal coefficients and multiplying by 
eight, because multiplication by eight is 
more complex than by two. The process of 
subtraction is comparable to addition except 
that numbers with more digits are sub- 
tracted. 

One may note that this method is feasible 
for conversion of other radices. However, the 
factor, delta (6=q—p), may be altered. 

Joun E. Croy 
International Electric Corp. 
Paramus, N. J. 


A Note on Linear Separation* 


McNaughton! has pointed out the need 
for an algorithm to determine whether two 


sets of points in an n-dimensional Euclidean 


space are linearly separated, 7.e., may be per- 
fectly separated by a hyperplane in the 
y-dimensional space. He suggests an al- 
gorithm for points with binary coordinates 


* Received by the PGEC, July 5, 1961; revised 


é ‘pt received, August 14, 1961. : 
aie icNaughtor, “Unate truth functions,” IRE 


TRANS. ON ELECTRONIC Computers, vol. EC-10, pp. 
1-6; March, 1961, 


THES 


which involves the solution of a set of linear 
inequalities. This note describes another 
computational algorithm, valid for points 
whose coordinates may take on values from 
either a continuous or discrete set, which 
involves the determination of the existence 
of a non-negative solution to a set of linear 
equalties. 

The algorithm to be described depends 
on the following theorem and its corollary. 


Theorem: Two sets of points are linearly 
separated if and only if their convex hulls 
are non-intersecting.? 


Proof: The “if” part is a known result of 
linear algebra.’ To prove the “only if,” as- 
sume that the convex hulls of the linearly 
separated sets S; and S» intersect. There then 
exists at least one point p which is a convex 
combination of a set of points from S; and 
also of a set of points from S:. It can be 
shown! that if each point of a set of points 
satisfies a linear inequality, then all convex 
combinations of these points also obey the 
inequality. Since there exists a hyperplane 
separating S; and S», this determines an in- 
equality satisfied by points of Si, but not by 
points of S2, Then, since p is a convex com- 
bination of a set of points from Si, p must 
satisfy this inequality. Since p is a convex 
combination of points from S2, p must fail to 
satisfy this inequality. This is contradictory, 
and therefore S; and S2 are not linearly 
separated. 


Corollary: If there exists at least one 
point which is a convex combination of 
points from S; and which is also a convex 
combination of points from S:, then Si and 
So are not linearly separated. 


An algebraic test for linear separation 
can be obtained from this corollary which 
leads to a set of +2 linear equations in m 
unknowns, where n is the dimensionality of 
the space, and m is the total number of 
points in S; and S2. If these equations have 
a non-negative solution, then the sets are 
not linearly separated. This set of linear 
equations is developed as follows. 

Let p bea point contained in the convex 
hulls of both S; and S2 (if such a point 
exists). Then p must be a convex combina- 
tion of points from S; and also of points from 
So. Let there be mm points in Si and mz points 
in So. Let cj represent the kth coordinate 
of the jth point, where we distinguish be- 
tween the sets by specifying that the range 
of j over S; is from 1 to m, and over S2 is 
from m--+1 to m+m=m. Then there is 
associated with each point a non-negative 


2 The convex hull of a set of points S is the smallest 
convex set containing S. It is the set of all convex 


combinations of sets of points from S.4 ‘ 
3A. EB. Taylor, “Introduction to Functional 


Analysis,” John Wiley and Sons, Inc., New York, 


N. V.3 1958. é 
4S. I. Gass, “Linear Programming,” McGraw- 


Hill Book C»,, Inc., New York, N. Y¥.; 1958. 
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weight w; such that 


wj20, 1<5jsm, 


and 


mi m 


pe = Do wicin = a 
j=l 


j=m,4+1 


WS STD, 


where p; is the kth coordinate of p. This may 
be regarded as a set of +2 equations in m 
unknowns (the unknowns being the weights 
w;). If this set of linear equalities has a solu- 
tion subject to the non-negativity con- 
straint, then at least one such point exists, 
indicating that the convex hulls overlap and 
consequently that the sets S; and S» are not 
linearly separated. 

It has been pointed out by F. W. Sinden 
that this algorithm is the dual (in a linear 
programming sense) to McNaughton’s al- 
gorithm, and that both may be handled with 
equal facility by the Simplex method of 
linear programming.® This method will give 
as a byproduct the separating hyperplane, if 
one exists. 

Neither this algorithm nor that of Mc- 
Naughton will give an optimum hyperplane 
if perfect separability is not possible. A 
rather involved algorithm for finding that 
hyperplane which correctly separates the 
greatest number of points in a continuous, 
discrete, or mixed space will be published 
soon.® 

W. H. HIGHLEYMAN 
Bell Telephone Labs., Inc. 
Murray Hill, N. J. 


'D. Gale, “Theory of Linear Economic Models,” 
McGraw-Hill Book Co., Inc., New York, N. Y.; 1960. 

6 W. H. Highleyman, “Linear Decision Functions, 
with Application to Pattern Recognition,” Ph.D, 
thesis, E.E, Dept., Brooklyn Polytechnic Inst., 
Brooklyn, N. Y.; June, 1961. 


Functional Notation for NOR and 
NAND Networks* 


The present symbolic notation of NOR 
and NAND network functions involves, re- 
spectively, a dagger and a stroke symbol.! 
This note suggests an alternative symbolism 
employing functional notation. The func- 
tional notation proceeds from the viewpoint 
that the output of a NOR block with inputs 
A, B, and C is expressed as N(A, B, C). 
Thus, in Fig. 1, Fi: (A, B, C) where the 
colon is to be read “is represented by.” Sim- 
ilarly, Fe: N[N(A, B, C)]=N%A, B, C) 
where the N? notation is used to denote the 
cascade of two NOR blocks where the only 


3 Received by the PGEC, December 5, 1960; re- 
vised manuscript received, August 7, 1961. 

IN. Scott, “Analog and Digital Computer Tech- 

ee McGraw-Hill Book Co., New Vork, N. WE 
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input to the second block is the output 
of the preceding block. Continuing with 
Fig. 1, it follows that F;:N[N*(A, B, C)] 
=N%A, B, C)=N(A, B, C) since NX ) 
is an identity operation. 

The functional notation readily allows 
one to obtain the NOR representation of the 
output (or any other) variable in the net- 
work. To see this consider Fig. 2 and the 
output F. One writes F as a function of the 
inputs which may be literals or the outputs 
of other NOR blocks which are expressed 
in functional form. Thus F:N[C’, N(_ )] 
which is in turn written F:N[C’, N(A, 
N[A, B’])]. The expression for the output 
can usually be written immediately for net- 
works more complicated than that of Fig. 2. 


Fig. 1—Cascade of 3 NOR elements. 


QOwp 


c' 


Fig. 2—Network for F=(A +A’B)C. 


The functional notation permits a rapid 
method for converting a functional represen- 
tation involving NV to the form involving 
AND and OR operations. The conversion 
algorithm is derived from the fact that in 
Fig. 1, A=(A+B+C) =A’'B'C’ from which 
it follows that ABC: N(A’, B’, C’). Since a 
NOR block with identical inputs is a com- 
plementer, we have that F,=A+B+C. 
Therefore, A+B+C:N[N(A, B, C)] 
= NA, B, C). Also, A’: N(A). The AND 
and OR expressions are extendible to any 
number of variables. 

Obtaining a functional representation of 
a Boolean function expressed in AND-OR 
form requires the systematic replacement of 
the AND and OR operators by their equiva- 
lent NOR representations. For example, 
the function F=(4+A’B)C is converted 
by writing F:N[C’, (A+4A’B)'] but 
(A+A’'B)':N[N%{A, N[A, B’])]=N%A, 
N[A, B'])=N(A, N[A, B’]) so F:N[C’, 
N(A, N[A, B’])]. This last expression is the 
representation of the output of the network 
in Fig. 2, The conversion to functional form 
usually requires fewer steps than were used 
above after experience is acquired. 

It will be observed that F=(A+A’B)C 
can be simplified to F=(A+B)C with the 
corresponding representation N[C’, N(A, 
B)]. A more complete treatment? of the 
functional approach shows that by means 
of a table of equivalent representations this 
simpler representation can be obtained by 
substitution. It should also be noticed that 


2 H. Klock, “Functional Synthesis and Analysis of 
NOR and NAND Networks,” Engrg. Design Center, 
Case Inst. Tech., Cleveland, Ohio, Rept. No. EDC- 
1-61-3; January, 1961, 
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once the functional expression has been ob- 
tained the resulting network can be laid out 
directly. The procedure is to start with the 
first N in the expression and work through 
the expression noting whether the variable 
in the argument of the function is an inde- 
pendent variable or the output of a preced- 
ing NOR block. 2 

The conversion of a NOR representation 
to the equivalent AND-OR representation 
can be easily done in an operational manner. 
The technique proceeds on the basis that 
N(A)=A’ where the equals sign is to be 
interpreted in the sense that the output of 
a NOR block with an input A is A’. For 
N(A, B, C) it follows that NM(A, B, C) 
= N(A)N(B)N(C)=A'B'C’. Similarly, 
NxXA, B, C)=N[N(A, B, C)]=N[MA) 
N(B)N(C)]=(A'B'C')’ =A+B+C. Equiv- 
alently, NA, B, C)=N%(A)+N%B) 
+NxXC)=A+B+C since NA)=N[N- 
(A)|=N(A’) =A. 

To illustrate the procedure, we will con- 
vert F:N([C’, N(A, 
equivalent AND-OR form. We begin with 
the first NV and write according to the above 
rules F=N(C’)N2[A, N(A, B’)]=C(A 
+N3A, B’)), but NA, B’)=N?[N(A, 
B’)|=N(A, B’)=A’B so we get F=C(A 
4-A'B)..-- Similarly) “N [Cl NAS 
=N(C’)N*A, B)=C(A+B). The conver- 
sion procedure from NOR representation to 
the AND-OR form can be simplified with a 
little experience. 

The colon was used to denote a NOR rep- 
resentation of some Boolean function. The 
equals sign was used in the conversion of the 
N expression to an AND-OR form to denote 
an operator equivalence such as N(A)=A’. 
The equals sign can actually be used in all 
cases since it is clear from the context 
whether the NOR representation or the op- 
erational equivalence is intended. 

NAND networks can be treated in a 
manner similar to that discussed for NOR 
networks because of the duality between 
the NOR and NAND functions. Using 
S(A, B, C) to denote the output of a NAND 
block with inputs A, B, and C it follows 
that A’:S(A), A+B+C:S(A’, B’, C’), and 
ABC:S*%A, B, C). To obtain the NAND 
representation of F=(A+A’B)C, we re- 
place the AND and OR operations by their 
S representations to get F:S2[C, S(A’, 
S?(A’, B])]. For F=(A+B)C we get 
F:S?(C, S(A’, B’)]. As in the case of the 
NOR networks, the first expression can be 
simplified to the second through a table of 
equivalent representations.? 

The conversion of S representations to 
AND-OR form proceeds along the same 
lines as the NOR conversion. Thus, S(A) 
=AY, S(A)=A, SYA, Boe €) =X) 
S*(B)S™C)=ABC, and S(A’, B’, C’) 
= S(A’)+S(B’)+S(C’)=A+B+C. To il- 
lustrate the procedure, S?[C, S(A’, B’)] 
=S1C)S(A’, B)=CS(A’, B)=CASB) 

The procedures discussed for the NOR 
and NAND networks are directly extendible 
to mixed networks containing NOR and 
NAND blocks. 


HArRo_pD F, Kock 
Case Institute of Technology 
Cleveland, Ohio 
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On the Algebraic Manipulation of 
Majority Logic* 


One of the difficulties which arises in 
manipulating algebraic expressions involving 
majority logic is the fact that ternary op- 
erations are involved. In this note we would 
like to outline a method whereby this diffi- 
culty may be avoided. The method is based 
on a technique employed by Birkhoff and 
Kiss}, 

Let the majority function M(X, Y, Z) 
=XY4XZ+YZ be written as X@ Y. 
Then clearly X @ Y=Y@X and 


X@YV = Z@Y = XQZ. (1) 


Moreover, if in any Boolean identity, we 
replace + by @, - by @, 1 by Z, and 0 
by Z, the resulting expression is equally 


Correspondence 


Conversion from Conventional to 
Negative-Base Number 
Representation* 


Construction and application of nega- 
tive-base number systems have been previ- 
ously! discussed. For instance, the number 
represented by —1,100.1 in conventional bi- 
nary notation would be represented by 
110,100.1 (no sign required) in negative bi- 
nary notation, because the first representa- 
tion denotes —(23+ 22+27!) = —12.5and the 
second denotes (—2)§+(—2)4+( —2)? 
+(—2)"!=—12:5. 

To make a direct conversion from con- 
ventional binary to negative binary repre- 
sentation, application is made of the rela- 
tions 


(+2)" = (—2)" 


4 3 ‘ ' n even 
valid under this new interpretation. Z may Ele) ee in ratte (2) i 
or may not appear as one of the variables (4+2)" = (—2)"+1 + (—2)" 
i ee ee, 1d. 
in the original identity Bay a (2258 n odd 
TABLE I 
Boolean Identity Majority Logic Identity 

1) X4+X=1 1a) X@X=Z 

2) X+X =X 2a) X@X=X 

3) X+XY=X 3a) X@ (X@ VY) =X 

4) X+XY=X+Y 4a) X@(X@YV)=X@Y 

5) X+Y=X¥ Sa) XQVY=X@Y 

6) X+0=X 6a) X@Z=X 


7) (W+X)4+Y=WHX+Y) 

8) W(X+Y)=WX+WY 

9) F(X,Z,...)=X-F(1,Z,...) 
SNR (OmeZan tc) 


7a) W@N@QVY=W@X@YP) 
8a) W® (X@Y) =WOX@OQwW@® Y) 


9a) F(X, Z,... )=IX®@FEZ, Z,.- >) 


OUX@FzZ, Dee) 


_ Table I gives a list of some common 
Boolean identities and the corresponding 
majority logic expressions. It is interesting 
to note the similarity of this list with that 
given by Cohn and Lindaman.’ 

Another important relationship which 
does not result from the above substitution 
scheme is a distributive law 


V@(W@X) = VOMO@VEOX). 2) 


This method can also be extended to 
majority functions with any (odd) number 
of arguments by noting that 


XOX LY): a ‘@Xn 


= M(X1, Vs, Xo, Ys Sian oan V5 Xn) (3) 


SHELDON B. AKERS, JR. 
Information Processing 
Electronics Laboratory 
General Electric Co. 
Syracuse, N. Y. 


* Received by the PGEC, July 21, 1961. This 
work was supported under BuShips Contract NOBsr- 
81444. 

1S, A. Kiss, “Transformations on Lattices and 
Structures of Logic,” New York, N. Y., p. 184; 1947. 

2M. Cohn and R. ee pam ma- 
jority-decision logic,” IR RANS. ON ELECTRONIC 
ComPpuTERS, vol, EC-10, pp. 17-21; March, 1961, 


The following procedures are thus indicated. 

Positive numbers. Write down the con- 
ventional binary number. Underneath write 
a number consisting of “ones” in each even 
position which is one position to the left ofa 
“one” in the original number, and “zeros” in 
all other positions. Add these two numbers 
in accordance with the rules! for “negative- 
binary” addition of digits: 


0+0=0 
0+1=14+0=1 
1+1=110. 


Example: If the conventional-binary 
number is given as 1,011.01, write 


1,011.01 conventional-binary 
+10,100.00 , 
Mota itt Os negative-binary. 


* Received by the PGEC, June 20, 1961. ‘ 

1L. B. Wadel, “Negative base numbezi systems, 
IRE TRANS. ON ELECTRONIC Computers, vol. EC-6, 
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"27 Pawlak and A. Wakulicz, “Use of expansions 
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3, pp. 233-236; March, 1957. . ; 
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4Z, Pawlak, “An electronic digital computer 
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Negative numbers. Write down the abso- 
lute value of the conventional binary num- 
ber. Underneath write a number consisting 
of “ones” in each odd position which is one 
position to the left of a “one” in the original 
number, and “zeros” in all other positions. 
Add these two numbers in accordance with 
the rules for “negative-binary” addition. 

Example: If the conventional-binary 
number is given as —1,101, write 


1,101 conventional-binary (abso- 


lute value) 
+1,010 


Total 110,111 negative-binary. 


Again note that no polarity sign is used in 
negative-base representations. 

Louis B. WADEL 

Vought Electronics 

Arlington, Tex. 


A New Method of Examining the 
Stability of Linear Systems Using 
a Repetitive Differential Analyzer* 


SUMMARY 


The paper describes a method of exam- 
ining the stability of linear systems which is 
based on a conformal transformation of the 
system equation and the application of 
Cauchy’s principle of the argument. The 
method requires only the use of operational 
amplifiers of a repetitive analyzer and 1t has 
a number of important advantages over 
other methods which use analog-computing 
equipment. Using a very simple transforma- 
tion, it is possible with this method to exam- 
ine the stability of linear systems as well as 
to determine the damping constant. The re- 
sults can be viewed directly on the screen of 
a cathode-ray oscilloscope. 


INTRODUCTION 


In addition to the well-known numerical 
and graphical methods developed by Mitro- 
vié [1], Nyquist [2], Mikhailov [3] and 
others, several other methods of examining 
the stability of linear feedback systems by 
using repetitive analyzer and special-pur- 
pose analog computers are also available. 
In a previous paper [4] the author de- 
scribed a method based on the use of a 
repetitive differential analyzer and pre- 
sented some other methods using special 
analog computers for the same purposes. 

The purpose of this paper is to improve 
the method described in Petri¢ [4] and to 
simplify the use of the repetitive differential 
analyzer. Although the method described in 
this paper is based on principles which are 


* Received by the PGEC, April 20, 1961. 
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similar to those described previously [4], it 
does not require the use of ganged linear po- 
tentiometers. Moreover, the answer to the 
question as to whether or not a linear sys- 
tem is stable can be obtained directly on a 
cathode-ray oscilloscope by viewing the re- 
sults of the corresponding unit circle from 
the z plane to the W plane. In this regard, 
a suitable transformation was used which 
makes it possible to reduce the examination 
of the number of zeros of the corresponding 
algebraic polynomial lying in the left half- 
plane of the s plane to the examination of the 
number of zeros of the transformed poly- 
nomial lying in the unit circle. In this way 
the use of the repetitive differential analyzer 
has been greatly simplified. 


BASIS OF THE METHOD 


In the most general case where the char- 
acteristic polynomial of the linear system 
which is to be examined for stability is given 
in the form 


Wie ae. (1) 


v=0 


it is necessary to find out whether the con- 
dition 
Re (sy) < 0 (2) 


is satisfied for all zeros of the polynomial 
(1). If the condition (2) is fulfilled, the sys- 
tem characterized by polynomial (1) is said 
to be stable. Otherwise the system is un- 
stable or on the margin of stability. 
Therefore, the answer to the question 
as to whether a given system is stable can 
be obtained either by knowing the values of 
zeros of polynomial (1), or by establishing 
through a suitable procedure how many 
zeros of polynomial (1) lie in the left half- 
plane of the s plane. Procedures for determin- 
ing the zeros of polynomial (1) by the use of 
a repetitive differential analyzer are de- 
scribed in the literature [4], [5]. 
Employing the transformation 


$s (3) 


the examination of stability of linear sys- 
tems by examining the number of zeros of 
polynomial (1) lying in the left half-plane 
of the s plane [Fig. 1(a)] can be reduced to 
the examination of the number of zeros of 
the transformed polynomial 


+ 


Z 
ee 


Wz) = (z — 1)"Wo( => CG? (4 
v=0 
lying in the unit circle z=1 [Fig. 1(b)]. 

In examining the stability of linear sys- 
tems using the described method there are 
no difficulties when a differential analyzer is 
applied because the needed analog electrical 
model is very simple. If the variable z now 
traverses the unit circle, then, by Cauchy’s 
principle of the argument, the path traced 
by W in the W plane will encircle the origin 
a number of times equal to the number of 
zeros inside the unit circle. 

Coefficients of polynomial (4) can be de- 
termined by arranging the polynomial (1) 
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Fig. 2—Genera] analog electrical model for conformal mapping of the unit circle by polynomial (4). 


according to increasing or decreasing powers 
of z after introducing transformation (3) and 
by using expression 


Cre = (9S [(2=)- (7) (2 
HOG Gee 
see Hind ata eh 
+0) Jon 


k= 071 255 = ns 16) 


which can easily be proved by Newton’s 
binomial formula. Using expression (5) it is 
possible to determine that all coefficients 
of polynomial (1) are known, while taking 
into account that 


(") bi one a ©) 


Using substitution 


2 = pe’, (7) 
polynomial (4) can be written in the form 
W(z) eg U(p, 6) aE iV (p, 6), (8) 
where 
U(p, 0) = 21 Cp” cos v0 (9) 
=0 


and 


V(p, @) = D2 Cyp” sin v8. (10) 
v=0 
For conformal mapping of the unit circle 
by polynomial (4), [Fig. 1(b)] in the W 
plane [Fig. 1(c)], expressions (9) and (10) 
are used in the form 


U(i, 6) = Co+ Ci cosé+ Cocos 29+ --- 


+ Cr cos 78, (11) 
V(1, 6) = Cisiné+ Cosin20+--- 
+ C, sin 6. (12) 


Analog electrical models for expressions (11) 
and (12) become very simple (Fig. 2) if cos 
vé and sin v@ (v=1, 2,-+-, m) are repre- 
sented by particular integrals of the differ- 
ential equation 


a a= py = 0, (vy = al 2; Se) n), (13) 
with initial conditions 
90) =0, = _y’(0) = ». 


By viewing directly the results of con- 
formal mapping of the unit circle by poly- 
nomial (4) on the screen of a cathode-ray 
oscilloscope, one can conclude whether the 
conditions for stability of a linear system de- 


scribed by polynomial (1) have been ful- 
filled. 


Fig. 3—s and s* plane. 


Fig. 4—The result of the conformal mapping of the 
unit circle using polynomial W(z). 


DETERMINING THE DAMPING CONSTANT 


If all zeros of polynomial (1) satisfy 
condition (2), the damping constant é of 
the system described by polynomial (1) is 
specified by the least absolute value of the 
real part of any zeros of polynomial (1). 
Therefore, the damping constant can easily 
be determined if the values of all zeros of 
polynomial (1) are known. 

The method described in this paper, 
however, enables the damping constant to 
be determined without the need of deter- 
mining the values of zeros of polynomial 
(1). To determine the damping constant E 
it is necessary to introduce substitution 


=x — g, (14) 


by which the axis of imaginaries is trans- 
lated to the left by the amount & (Fig. 3). 
In this way it is possible to find the value & 
for which, after introducing transformation 
(14) into (1), the transformed polynomial 
will possess zeros which satisfy condition 


Re (s,*) < 0, NO ROE TE (15) 


Continuing the procedure of conformal 
mapping of the left half-plane of the s* plane 
to the unit circle by using transformation. 


ean! 
Siac te 


one can determine the damping constant & 
within the limits of accuracy obtainable in 
solving standard problems on a repetitive 
differential analyzer. In practical application 
of differential analyzers for the determina- 
tion of the damping constant &, the results 
obtained on the screen of a cathode-ray os- 
cilloscope are of great importance. That 


* 
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value € for which one or simultaneously two 
of the closed loops are fading away on the 
screen is representing the damping constant 
of the examined linear system. It is only 
important that condition (15) is always 
satisfied, which is achieved by viewing on 
the cathode-ray oscilloscope the results of 
conformal mappping of the left half-plane 
of the s* plane, 7.e., the corresponding unit 
circle. 


Example 


It is required to find out whether all 
zeros of polynomial 


Wo(s) = s3 + 4.15? + 6.525 + 7.398 


lie in the left half-plane of the s plane. 

By using transformation (3) the left 
half-plane of the s plane is represented with- 
in the unit circle, and polynomial Wo(s) is 
transformed into polynomial 


Wi =e 1)'We (: z. *) 


z—1 


= 19.018z3 — 21.6142? + 14.5742 
— 3.978. 


Using this polynomial for conformal 
mapping of the unit circle, the result shown 
in Fig. 4 is obtained, from which it is obvious 
that there are three closed loops around 
point W=0, i.e., that all three zeros of the 
given polynomial lie in the left half-plane of 
the s plane. 

The exact values of zeros of polynomial 
W (s) are 


3 = — 2.7 Sag = — 0.7 + 1, 52. 


CONCLUSION 


The method described in this paper re- 
quires the use of standard elements of only 
the linear part of a repetitive differential 
analyzer. Moreover, the method can be suc- 
cessfully used for solving the same problems 
on a digital computer. 

The applied method has restrictions due 
to the narrow frequency band of operational 
amplifiers, so that it can only be used for 
solving problems in which y<i. 

Jovan PETRIC 

Automation Dept. 

Inst. of Nuclear Sciences “Boris Kridaé” 
Belgrade, Yugoslavia 
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Correction to ‘‘A Modulo Two Adder 
for Three Inputs Using a Single 
Tunnel Diode’* 


The author of the above correspondence 
item! wishes to call the following to the at- 
tention of the Editor. 

In item 2, page 531, the last line should 
read, “the output current is high.” 

The last line of item 3, page 531, should 
read, “state C, and the output is low.” 

Kari S. MENGER 


* Received by the PGEC, November 13, 1961. 
1TRE TRANS. ON ELECTRONtC COMPUTERS, vol. 
EC-10, pp. 530-531; September, 1961. 


Minimization of Switching Circuits 
Subject to Reliability Conditions* 


The minimization of switching circuits 
subject to reliability conditions is a generally 
difficult subject. The purpose of this note 
is to point out a relatively simple formula- 
tion for a restricted class of these problems. 

The switching circuits considered here 
are of the two level “AND-to-OR” type. 
The failures considered are those which 
occur when a normally open switch may fail 
to close. The formulation of the problem is 
in terms of an integer linear program. 


CONVENTIONAL MINIMIZATION 


Suppose a switching function has m 
minterms and ” prime implicants. A vector 
(ai, @i2,***, Gin) can be associated with 
the ith minterm, where the a;; are defined 
by: 


a;;=1 if the ith minterm implies the jth 
prime implicant 
=0 otherwise. 


Let there be binary variables, 41, 42, 
++, Yn, taking on the values: 


;=1 if the jth prime implicant is selected 
=0 otherwise. 


The requirement that the th minterm imply 
at least one prime implicant in the normal 
form is stated by the inequality 


ee + GinYn = 1 


and the requirement that the normal form 
be valid is given by the matrix relation 


v1 1 
Gy1422 Escalon y2 > 
Amidmp * * i 


* Received by the PGEC, November 15, 1960, 
revised manuscript received, August 7, 1961. 
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or, more compactly, Ay2 1." The matrix 
A=(a;;) will be referred to hereafter as a 
constraint matrix. It corresponds to the 
transpose of the conventional prime impli- 
cant chart. 

The minimization requirement is ex- 
pressed with the aid of an appropriate cost 
vector (¢1, C2, ++ *, én). For example, c; may 
be set equal to the number of literals in the 
jth prime implicant. The prime implicant 
selection problem is seen to be of the form 


minimize cy 
subject to Ay > J 


and 4; = 0,1 Ginn?) = 
This happens to be a standard linear pro- 
gram, with the exception that the variables 
are restricted to discrete values, rather than 
non-negative values. 


MINIMIZATION WITH RELIABILITY 
CONDITIONS 


Gill? has discussed the problem of ob- 
taining a minimal normal form subject to 
the condition that every minterm of the 
function implies at least ¢ terms of the 
normal form. In a circuit in which each term 
is realized by an AND gate, this condition 
assures that at least ¢ such gates must fail 
before failure of the circuit is possible.* 

It is easily verified that a solution to 
Gill’s problem is found entirely in terms of 
prime implicants. Using the notation intro- 
duced above, it is necessary to 


minimize cy 

subject to Ay > t 

and Sr — 10 Ae went 
G2 ae); 


where the constraint matrix A and each of 
the vectors is defined as before. The value of 
y; indicates the number of times the jth 
prime implicant is included in the solu- 
tion. 

A refinement in the formulation of the 
reliability problem is possible. Suppose that 
the switching function is to be realized as a 
contact network, and that each contact rep- 
resents a normally open switch that may 
fail to close with probability ¢, independ- 
ently of each of the other contacts. Such 
switches might be called “semi-crummy,” 
since they never fail to reopen properly, 
unlike the “crummy” relays of Moore and 
Shannon. 


1 Vector inequality is a component by component 
relation: a>b if, and only if, a; >b; for all 7. The 
symbol J denotes an m-dimensional column vector, all 
of whose components are the scalar 1. 

) A Gil) “Minimization of contact networks sub- 
ject to reabiley specifications,” IRE TRANS. ON 
ECTRONIC OMPUTERS (Correspondence), vol. 
erate 122-132; March, 1960. : 
is assumes that the only type of failure of an 
AND gate is the failure to produce a 1 as output when 
all its inputs are 1, 
4 E. F. Moore and C, E, Shannon, “Reliable cir- 
Cuits using less reliable relays,” J. Franklin Inst., vol. 
Serene 191-208, September; pp. 281-297, October, 
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A series path of ¢ contacts will fail to 
transmit when one or more of the contacts 
fails to close. The (conditional) probability 
of this event is 1—(1—e)*. If m series paths 
of ¢1, C2, °°, Gm contacts are all supposed 
to transmit for a given combination of values 
of the variables, the (conditional) probabil- 
ity of failure of the circuit for that com- 
bination is 


Lee: 


j=1 


The logarithm of the probability of fail- 
ure of the circuit is 


ME log [1 — (1 — &g;]. 


Suppose that a contact network is de- 
sired whose probability of failure for each 
combination of the input variables is less 
than some value 0<7<1. It is again easily 
verified that a minimal solution to this prob- 
lem is found entirely in terms of prime im- 
plicants. The prime implicant selection 
problem can be formulated as follows: 

Let A be a constraint matrix, as before, 
except that the elements of A are defined as 
follows: 


_ log [1 — (A — dei] 
Zz log n 


Gi; if ith minterm implies 
jth prime implicant 
= 0 otherwise, 


where c; is the number of literals in the jth 


December 


so that for the case of perfectly reliable com- 
ponents this problem reduces to the or- 
dinary prime implicant selection problem. 

Further refinements can be made. In par- 
ticular, it is possible to assign differing a 
priori probabilities to the various input com- 
binations. The network can then be mini- 
mized according to a specified expectation of 
failure. 

Computational methods have been pro- 
posed by Gomory,® and by Land and Doig,$ 
for solving integer linear programs. It is also 
usually possible to obtain a reasonably eco- 
nomical, although not demonstrably mini- 
mal, solution by an adaptation of conven- 
tional prime implicant selection or cut-and- 
try methods. 

Example: Consider the 4-variable func- 
tion with minterms 0, 1, 2, 4, 7, and 8 and 
“don’t cares” 10, 11, 12, 13, 144 155 Any 
minimal normal form for this function must 
be composed of the following prime impli- 
cants: 


Minterms 
Covered 


Prime 
Implicant 
X2X3%4 tf 
XXoX3 0,1 
3X4 0,4, 8 
HoXs OF2FS 
X1X4 8 


Suppose that a circuit is to be designed 
in which the probability of failure of any 
contact is e=4, and that the entire circuit 
is to have a probability of failure no greater 
than »=1/100. Application of the formulas 
derived above gives the problem: 


minimize 3y, + 3y2 + 2y3 + 22y, + 245 
subject to 0.029y2 + 0.062y3 + 0.0624 >1 
0.029 y2 Si! 
0.0623 Sal 
0.0624 Sol 
0.029, >1 


and y; = 0,1, 2,--- 


prime implicant. Then it is necessary to 
minimize cy 

subject to Ay > 1 

and 47 =0,1,2,55: (GSI, 20+. mn), 


The value of y; indicates the number of 
times the series path represented by the jth 
prime implicant is to be included in the 
contact network. 

Note that 


a et — (1— 6g] Be 
log n z 


€n~0 


0.062ys + 0.0624 + 0.062y; > 1 
(and p22 oi, Oe 


It can be seen by inspection that an op- 
timal solution to the linear program is ob- 
tained by setting y, =y2=35 and y3=y2=17. 
Thus a contact network meeting the speci- 
fied reliability conditions contains 35 repeti- 
tions of the series paths x30, and #, i243 and 
17 repetitions of #34 and Zox4. 

EK. L. LAWLER 
Sylvania Electric Products 
Needham, Mass. 


_ 'R. E. Gomory, “An Algorithm for Inte - 
tions to. Linear Programs,” PHncetoucThat She 
Res. Project, Princeton, N. J., Tech. Rept. No. 1, 1958. 

A. W. Land and A. G. Doig, “An automatic 
method of. solving discrete programming problems,” 
Econometrica, vol. 28, pp. 497-520; July, 1960, 
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Variable Time Delay by Padé 
Approximation* 


Up to this time, work in variable time 
delay has been done by Padé approximation 
for fixed-time delays. For variable time de- 
lays, most authors have proposed magnetic 
drum or tape with movable heads to adjust 
this delay. This method suffered from a lack 
of flexibility in that the time delay could 
not be made proportional to a variable as 
represented by another voltage. In this note, 
Padé approximation was used to get the 
desired time delays. However, the ratios 
which involved the delay were not fixed by 
potentiometers, but were generated by servo 
dividers. This permitted the delay to be en- 
tered asa voltage. Because at a delay of zero 

“an infinite response would be obtained, a 
finite delay was always entered into the sys- 
tem. The second-order system was wired up 
on a PACE 16-31R and was found to give 
a discernible step function response up to 10 
seconds delay, but rise time suffered. It was 
also noted that there was an initial under- 
shoot in the response. Sine waves were repro- 
duced without distortion. 

It is felt by the author that much better 
step function response could be obtained 
with the fourth-order circuit shown in Figs. 2 
and 4. With time delay now available as a 
variable in problem solutions, further work 
may point the way to solve boundary value 
problems. 

Subsequent to the original work on this 
note, circuits have been used which use 
fewer amplifiers and ganged pots; however, 
they require a servo-setting capacitor. 

It is felt that these circuits discussed 
here would be of value to people who do not 
have special equipment. It should be noted 
that other people have also had oscillatory 
difficulties with responses to step functions. 

The author wishes to thank R. Beaudoin 
for his help in this project. 

Davip L. ZACKON 
McGill University 
Montreal, Quebec, Can. 
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Fig. 1—Second-order Padé approximation circuit. 
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Fig. 2—Fourth-order Padé approximation circuit. 
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Fig. 3—Second-order division circuit for Padé approximation. 
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Fig. 4—Fourth-order division circuit for Padé approximation. 
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Vought Corp., Arlington, Tex., where he is 
employed as an Engineering Specialist. His 
responsibilities there have consisted of the 
logical and system design of both incre- 
mental and full-word-length digital com- 
puters. 
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Sidney N. Einhorn was born in Philadel- 
phia, Pa., on July 13, 1928. He received the 
B.S. degree in electrical engineering from the 
Drexel Institute of 
Technology, Phila- 
delphia, in 1950, and 
the M.S. degree in 
electrical engineering 
from the Univer- 
sity of Pennsylvania, 
Philadelphia, in 1958. 

From 1953 to 1954 
he was on the staff 
of the Moore School 
of Electrical Engi- 
neering at the Uni- 
versity of Pennsyl- 
vania, where he conducted research on high- 
speed digital techniques. Since 1954 he has 
been associated with the Burroughs Corpo- 
ration Research Center, Paoli, Pa., where he 
has been active in research on magnetic de- 
vices; he has two patent applications in this 
field. In the design field, Mr. Einhorn is re- 
sponsible for the driver and addressing cir- 
cuitry for a coincident-current memory, for 
the electrical design integrating conven- 
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tional diode logic and RCTL, as well as the 
accumulator and associated circuits for a 
test vehicle; and for a decimal accumulating 
shift register which uses a multiple stable- 
state magnetic counter. 

Mr. Einhorn is a member of RESA, 
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Edward A. Feigenbaum was born in 
Weehawken, N. J., on January 20, 1936. He 
received the B.S. degree in electrical engi- 
neering in 1956 and 
the Ph.D. degree in 
industrial 2diminis- 
tration in 1960, both 
from Carnegie Insti- 
tute of Technology, 
Pittsburgh, Pa. He 
spent the 1959-1960 
academic year at the 
British National 
Physical Laboratory, 
Feddington, Middle- 
sex, on a Fulbright 
fellowship. 

He is Assistant Professor in the School of 
Business Administration, University of Cali- 
fornia, Berkeley, and Consultant to the 
Computer Sciences Department, the RAND 
Corporation, Santa Monica, Calif. His re- 
search has been in the areas of artificial in- 
telligence, computer simulation of human 
learning processes, and list-processing com- 
puter languages. At Berkeley he holds re- 
search appointments in the Management 
Sciences Research Center and the Center for 
Human Learning. 

Dr. Feigenbaum is a member of the 
Association for Computing Machinery and 
the AAAS. 
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David N. Freeman was born in Boston, 
Mass., on September 29, 1933. He received 
the B.A. degree in mathematics in 1955, 
from Yale Univer- 
sity, New Haven, 
Conn., and the M.S. 
degree in mathemat- 
ics in 1958, from 
Cornell University, 
Ithaca, No Y: 

In September, 
1958, he joined Inter- 
national Business 
Machines Corpora- 
tion as a mathema- 
tician at the com- 
pany’s Development 
Laboratory in Endicott, N. Y. After gaining 
experience as an IBM 704 programmer in 
the Scientific Computation Laboratory, 
Endicott, he received an IBM fellowship for 
advanced study. He is now working towards 
a Ph.D. degree in operations research at 
Cornell University, Ithaca, N. Y. 

Mr. Freeman is a member of Sigma Xi, 
Phi Kappa Phi, the American Mathematical 
Society, the Operations Research Society of 
America, and the Institute of Management 
Services. 
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Ephraim H. Frei (M’58) was born in 
Vienna, Austria, on March 2, 1912. He re- 
ceived the Ph.D. degree from the University 
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of Vienna, Austria, in 1936. 

With the exception of the years 1950 
through 1952, which were spent with the 
Computer Project of 
the Institute for Ad- 
vanced Study, Prince- 
ton, N. J., he has been 
with the Department 
of Electronics, Weiz- 
mann Institute of 
Science, Rehovoth, 
Israel, since 1948. He 
was appointed Pro- 
fessor in 1960, and 
Head of Department 
in 1961. During the 
year 1959-1960, while 
on sabbatical leave, he was at the Stanford 
Research Institute, Menlo Park, Calif., 
where he worked on magnetic computer de- 
vices and measurements. 

Dr. Frei is a member of the Israel Phys- 
ical Society and the American Physical 
Society. 
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Sidney B. Geller was born in New York, 
N. Y., on May 6, 1920. He attended The 
George Washington University, the Univer- 
sity of Florence, Italy, 
and the National 
Bureau of Standards 
Graduate School, 
Washington, D. C., 
where he studied 
mathematics and 
electronics engineer- 
ing. He also studied 
television engineering 
with the Capitol 
Radio Engineering 
Institute, Washing- 
ton aes 

From 1950 to 1954 he was a television en- 
gineer with the National Broadcasting Com- 
pany and the American Broadcasting Com- 
pany. Since 1954 he has been with the Na- 
tional Bureau of Standards, where he has 
worked as an electronics engineer in the de- 
sign of miniaturized radar equipment, and 
transistorized control circuitry. From 1958 
to the present time he has been engaged in 
the study of semiconductor devices. 
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Jacob Goldberg (S’50—A’50-M’56) was 
born in San Francisco, Calif. on June 4, 1926. 
He received the B.S.E.E. degree in 1950, 
from the University 
of California, Berke- 
ley, and the M.S.E.E. 
degree in 1954, from 
Stanford University, 
Stanford, Calif. In 
1958, he was a Re- 
search Fellow at The 
Weizmann Institute, 
Rehovoth, Israel. 

Since 1951, he has 
been a staff member 
of Stanford Research 
Institute, Menlo Park, 
Calif., where he is presently a Senior Re- 
search Engineer. His major interest has been 
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the design of digital computer systems. He 
was one of the logical designers of the 
ERMA computer and is currently engaged 
in the study of special file structures for data 
retrieval, and the design of reliable computer 
systems. 

Mr. Goldberg is a member of the Scien- 
tific Research Society of America, and the 
Association for Computing Machinery. 
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Bert F. Green, Jr., was born on Novem- 
ber 5, 1927, in Honesdale, Pa. He received 
the B.A. degree from Yale University, New 
Haven, Conn., in 
1949, and the M.A. 
and Ph.D. degrees 
in 1950 and 1951, 
respectively, from 
Princeton —_ Univer- 
sity, Princeton, N. J. 

While at Prince- 
ton, he was a Psy- 
chometric Fellow at 
the Educational Test- 
ing Service. In 1951, 
he joined the Lincoln 
Laboratory, Massa- 
chusetts Institute of Technology, Lexington, 
Mass., where he has been leader of the Psy- 
chology Group since 1959. He is now on 
leave from M.J.T. to serve as consultant to 
the Computer Sciences Dept., RAND 
Corporation, Santa Monica, Calif. His pres- 
ent work with computers is concerned with 
improving man-machine communication. 
He has published papers on engineering psy- 
chology, visual perception, psychometrics, 
statistics, and the use of computers in psy- 
chology. 

Dr. Green is a fellow of the American 
Psychological Association, and a member 
of the Psychometric Society and the As- 
sociation for Computing Machinery. 
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Lee E. Hargrave, Jr. (S’56—M’60), was 
born in Herrin, Ill., on October 31, 1934. 
He received the B.A. degree in mathematics 
in 1956 and the B.S. 
degree in electrical 
engineering in 1957, 
both from the Uni- 
versity of Pennsyl- 
vania, Philadelphia, 
and the M.S. degree 
in electrical engineer- 
ing from the Univer- 
sity of Maryland, 
College Park, in 1960. 

In 1956 he was 
Junior Engineer with 
the Electronics and 
Armament Systems Division of Lockheed 
Aircraft Corporation, Burbank, Calif., where 
he applied the digital computer to calcula- 
tions of airborne radar propagation. From 
1956 to 1957 he was Student Engineer with 
Remington Rand Univac in Philadelphia, 
where he was engaged in circuit design for 
the Univac Larc computer. As Electronic 
Engineer with the Department of Defense 
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from 1957 to 1960, he participated in re- 
search and development of radio terminal 
equipment. From 1958 to 1960 he was In- 
structor in Transistor Circuitry with the 
University College of the University of 
Maryland. He is currently associated with 
Sanders Associates, Inc., of Nashua, N. H., 
as Senior Electronic Engineer in preliminary 
design. 

Mr. Hargrave is a member of Tau Beta 
Pi, Phi Kappa Phi, Eta Kappa Nu, Sigma 
Tau, and Pi Mu Epsilon. 
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Juris Hartmanis, for a photograph and 
biography, please see page 293 of the June, 
1961, issue of these TRANSACTIONS. 


+, 
“ 


Per Asbjgrn Holst was born in Strand, 
Norway on August 8, 1932. He received the 
M.S. degree in electrical engineering in 1956 

from the Norwegian 


Institute of Tech- 
nology, Trondheim, 
Norway. 


Since 1957 he has 
been employed by 
the Chr. Michelsens 
Institute, Dept. of 
Applied Physics, Ber- 
gen, Norway, as a 
research physicist, 
where he has been 
working on_ servo- 
mechanisms and proc- 
ess control, mainly in connection with indus- 
trial applications. In 1959 he was granted a 
scholarship from N.T.N.F., the Royal Nor- 
wegian Council of Technical and Industrial 
Research, for post-graduate studies in 
switching circuits and digital engineering at 
Massachusetts Institute of Technology, 
Cambridge, where he remained as a guest of 
the Research Laboratory of Electronics dur- 
ing the 1960-1961 academic year. 
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Gerhard L. Hollander (S’43—M’47- 
SM’56) was born in Berlin, Germany, on 
February 27, 1922. He received the B.S.E.E. 
degree from the IIli- 
nois Institute of Tech- 
nology, Chicago, in 
1947; the M.S.E.E. 
degree from Wash- 
ington University, 
st. Louis; Mo., in 
1948; and the ad- 
vanced _ professional 
E.E. degree from the 
Massachusetts Insti- 
tute of Technology, 
Cambridge, in 1953. 

He heads Hol- 
lander Associates of Fullerton, Calif. which 
he organized to provide design and consult- 
ing services in computer and automatic con- 
trol systems. He formerly headed system 
management and computer operations at 
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the Philco Corporation, Philadelphia, Pa., 
and at the Hughs Aircraft Company, Fuller- 
ton, and has been a consultant to Head- 
quarters, U. S. Air Force, on control system 
integration. He has guided the development 
of the Tape-DRUM, the C-1100 airborne 
computers, and the C-3000 control com- 
puter. His recent activities include gigahertz 
logic, the MPC-1200 multiple-processor 
computer, and major defense and communi- 
cation systems. During World War II he was 
awarded a Navy commendation for develop- 
ing a radar training device for the MK-57 
fire-control system. He established the elec- 
trical engineering curriculum at St. Louis 
University, St. Louis, Mo., and designed 
the forerunner of present digital recorders at 
the M.I.T. Servomechanisms Laboratory. 

Mr. Hollander is a member of AIEE, 
Sigma Xi, headed the AIEE Digital-Com- 
puter and Computer-Systems Subcommit- 
tees, and is presently Vice Chairman of the 
AIEE Computing Devices Committee, and 
a member of the National Joint Computer 
Committee. He was a U. S. delegate to the 
IFAC Congress in Moscow, and is on the 
Control Advisory Committee of the Ameri- 
can Automatic Control Council. He is a 
registered Professional Engineer and editor 
of the book Computers in Control. 
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Ralph C. Johnston (S’53—M’57) was 
born in Fremont, Neb. on May 22, 1933. He 
received the B.S. degree in electrical engi- 
neering from Iowa 
State College, Ames, 
in 1955. The follow- 
ing. year he was a 
National Science 
Foundation Fellow at 
the Massachusetts 
Institute of Tech- 


. nology, Cambridge. 

From 1956 to 1958, 

y he was connected 

with the M.I.T. Lin- 

R. C. JOHNSTON coln Laboratory, 


Lexington, as a staff 
associate and in 1958 received the S.M. de- 
gree in electrical engineering and the degree 
of Electrical Engineer from M.I.T. 

Presently a staff member at the Lincoln 
Laboratory, he has been active in the fields 
of HF transistor measurements, and circuits 
for UHF computers. 

Mr. Johnston is a member of Tau Beta 
Pi and Eta Kappa Nu. 
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Robert S. Ledley (M’58) was born on 
June 28, 1926, in New York, N. Y. He re- 
ceived the D.D.S. degree in 1948 from New 
York University College of Dentistry, and 
the M.A. degree in mathematical physics in 
nae from Columbia University, New York, 

He joined the National Bureau of Stand- 
ards, Washington, D. C., in 1951, working 
in biophysics and later on the logical design 
and other aspects of digital ‘computers. In 
1954 he became a staff member of the Opera- 
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tions Research Office of The Johns Hopkins 
University, where he worked on computer 
simulations and the application of logic to 
operations research 
problems. In 1956 he 
became an Assistant, 
in 1960 an Associate 
Professor of Electrical 
Engineering at The 
George Washington 
University, | Wash- 
ington, D. C., where 
he was in charge of 
the computer facili- 
ties of the School of 
Engineering. He was 
also a staff member 
_of the National Academy of Sciences—Na- 
tional Research Council project on the use 
of computers in biomedical sciences; con- 
sultant mathematician at the National Bu- 
reau of Standards, data processing systems 
division; and consultant to the National 
Library of Medicine. Currently he is Presi- 
dent of the National Biomedical Research 
Foundation, Silver Spring, Md. 

Dr. Ledley is a Fellow of the AAAS, 
and a member of the AIEE, American Phys- 
ical Society, American Mathematical So- 
ciety, Operations Research Society of 
America, and the Biophysical Society. 
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Meier M. Lehman, for a photograph and 
biography, please see page 294 of the June, 
1961, issue of these TRANSACTIONS. 
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Alan L. Leiner (M’54) was born in New 
York, N. Y. on February 10, 1914. He re- 
ceived the B.A. degree in mathematics and 
physics from Yale 
University, New Ha- 
ven, Conn., in 1936, 
after which he stud- 
ied astronomy at 
Harvard Graduate 
School, Cambridge, 
Mass. 

From 1942 to 1944 
he worked as an as- 
tronomer at the U. S. 
Naval Observatory 
in Washington, D. C. 
He then transferred 
to the National Brueau of Standards in the 
same city. At NBS he worked as a mathe- 
matical physicist on the radio proximity fuse 
until the end of the war, after which he 
turned to the computer field. As Chief of the 
Digital System Section at NBS, he directed 
the design of five large-scale systems, includ- 
ing the SEAC, DYSEAC, and the new 
PILOT. In addition, between 1954 and 
1956, at the request of the Department of 
the Navy, he was lent by NBS to the Office 
of Naval Research, Washington, D. C. where 
he served as a consultant on computers. In 
1960 he joined the IBM Research Center at 
Yorktown Heights, N. Y. 

Mr. Leiner is a member of the ACM, the 
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SIAM, the Washington Academy of Sci- 
ences, the AAAS and the AIEE Sub-Com- 
mittee on Automated Design Techniques. 
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Harry Loberman was born in Detroit, 
Mich., on October 27, 1924. He received the 
B.S. and M.S. degrees in physics from the 
University of Michi- 
gan, Ann Arbor, in 
1946 and 1947 re- 
spectively, and a 
Teaching Certificate 
from Wayne State 
University, Detroit, 
in 1950. From 1947 
to 1950 he was an 
instructor in physics 
at the Lawrence In- 
stitute of Technol- 
ogy, Detroit. 

From 1951 to 1956 
he was employed by the Mine Fuze Branch 
of the Diamond Ordnance Fuze Laborato- 
ries, Washington, D. C. as project leader of 
the Special Devices Group. In 1956 he joined 
the Data Processing Division at the Na- 
tional Bureau of Standards, Washington, 
D. C. As a member of the Digital Systems 
Section he has participated in the logical 
design of the PILOT multiple computer 
system, including the formulation of meth- 
ods to automate the production of the wiring 
plans and records for the PILOT. He is cur- 
rently leading a team engaged in debugging 
the PILOT. 

Mr. Loberman is a member of Phi Eta 
Sigma, Phi Kappa Phi, Phi Beta Kappa, and 
the ACM. 
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Paul A. Mantek was born in Detroit, 
Mich., on January 30, 1920. He received the 
B.S. degree in electrical engineering in 1950 
from the University 
of Michigan, Ann 
Arbor. 

He joined the Na- 
tional Bureau of 
Standards, Washing- 
ton, D. C., in 1949, 
where he worked on 
the design of input- 
output equipment for 
digital computers. He 
is now engaged in the 
application of high- 
speed semiconductor 
devices to digital computer circuits. 

Mr. Mantek is a member of Eta Kappa 
Nu. 
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Cecil B. Shelman was born in San An- 
tonio, Tex., on September 30, 1922. He re- 
ceived the B.S. degree in electrical engineer- 
ing from the University of Texas, Austin, 
in 1953. He did graduate work at Southern 
Methodist University, Dallas, Tex. 

From 1953 to 1954 he worked in R&D 
laboratories of Phillips Petroleum Com- 
pany, Bartlesville, Okla., on electronic in- 
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struments for process control. From 1954 to 
1958 he was associated with Convair, Fort 
Worth, Tex. He did R&D work on magnetic- 
core logic circuits, 
obtaining two pat- 
ents in that field. He 
developed the mag- 
netic-core memory 
for the Cordic com- 
puter. Since 1958 he 
has been associated 
with Chance Vought 
Electronics, Arling- 
ton, Tex., where he 
has done circuit, logic 
and system design in 
digital | computers, 
and where he was Project Engineer on Fin- 
gerprint computer development program. 
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Donald O. Smith was born in Santa Fe, 
N. M., in 1925. After attending the Univer- 
sity of New Mexico, Albuquerque, N. M., 
for one year, he 
transferred to the 
Massachusetts Insti- 
tute of Technology, 
Cambridge, Mass., 
and received the M.S. 
degree in electrical 
engineering from that 
Institute in 1951. 
Subsequently, he did 
graduate work in 
solid-state | physics 

D. O. SMITH and received the 

Ph.D. degree from 
M.I.T. in 1955. 

In 1955 he joined the M.I.T. Lincoln 
Laboratory, Lexington, Mass., where he has 
since been engaged in magnetic film work 
directed toward computer memory and 
componentry. 

Richard E. Stearns was born in Caldwell, 
N. J., on July 5, 1936. He received the B.A. 
degree from Carleton College, Northfield, 
Minn., in 1958, and 
the Ph.D. degree in 
mathematics from 
Princeton Univer- 
sity, Princeton, N. J., 
in 1961. He was a 
National Science Fel- 
low from 1958 to 1960 
and a Teaching As- 
sistant from 1960 to 
1961. 

In July, 1961, he 
joined the General 
Electric Research 
Laboratory, Schenectady, N. Y., as a Re- 
search Mathematician in the Information 
Studies Section. He has done research in 
game theory and the structure of sequential 
machines. 

Dr. Stearns is a member of the American 
Mathematical Society, the American Mathe- 
matical Association, Sigma Xi, and Delta 
Epsilon. 
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Edward H. Sussenguth, Jr. (M’58) was 
born in Holyoke, Mass., on October 10, 
1932. He received the A.B. degree in applied 
science from Harvard 
University, Cam- 
bridge, Mass. in 1954 
and the S.M. degree 
in electrical engineer- 
ing from Massachu- 
setts Institute of 
Technology, | Cam- 
bridge, in 1959. 

From 1954 to 1957 
he served as a Lieu- 
tenant in the U. S. 
Navy in the Far 
East. While studying 
at M.I.T. he was a Teaching Assistant and 
Research Assistant at the Research Lab- 
oratory of Electronics. Since 1959 he has 
been with the Machine Organization De- 
partment of the IBM Research Laboratory, 
Yorktown Heights, N. Y. He is now on edu- 
cational leave of absence at Harvard Univer- 
sity. 

Mr. Sussenguth is a member of Sigma 
xay 


E. H. SuSSENGUTH 


2G 


6 


John V. Wait was born in Chicago, III., 
on October 1, 1932. He received the B.S.E.E. 
degree from the State University of Iowa, 
Iowa City, and the 
M.S.E.E. degree from 
the University of 
New Mexico, Albu- 
querque, in 1955 and 
1959, respectively. 

During his serv- 
ice with the Air 
Force from 1955 to 
1957, he was a Re- 
search and Develop- 
ment Liaison Officer 
at the Air Force Spe- 
cial Weapons Center, 
Kirtland Air Force Base, N. M. His indus- 
trial experience includes summer employ- 
ment with RCA Laboratories, Princeton, 
N. J., 1955, and the Nuclear Division, 
Kaman Aircraft Corporation, Albuquerque, 
N. M. in 1958 and 1959. He was a full-time 
Instructor in the Electrical Engineering De- 
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partment at the University of New Mexico 
from 1957 to 1959. Since 1959 he has been 
employed as a Research Engineer with the 
Applied Research Laboratory, University of 
Arizona, Tucson, where he is working toward 
the Ph.D. degree in Electrical Engineering. 

Mr. Wait is a member of Tau Beta Pi, 
Eta Kappa Nu, Omicron Delta Kappa, Pi 
Mu Epsilon, and Sigma Xi. He was holder 
of a NSF Fellowship for the 1960-1961 
Academic Year at the University of Arizona. 
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Arnold Weinberger (S’49—-A’50—M’56) 
was born in Czechoslovakia on October 23, 
1924. He received the B.E.E. degree from the 
College of the City 
of New York, New 
York N. Y-, 11950 
after serving in the 
armed forces. After- 
wards he pursued 
graduate studies at 
the University of 
Maryland, College 
Park, Md. 

In 1950 he joined 
the National Bureau 
of Standards’ Elec- 
tronic Computers 
Laboratory, Washington, D. C., where he 
participated in a succession of computer 
programs, notably SEAC, DYSEAC, and 
PILOT. On the SEAC, he carried. out engi- 
neering work concerned with the expansion 
and operation of the machine. On the 
DYSEAC, he participated in the develop- 
ment of the logical design of the system, 
particularly the arithmetic circuitry and the 
detailed wiring plans from which the ma- 
chine was constructed. Later he worked on 
logical design of novel high-speed arithmetic 
devices, such as adder and multiplier sys- 
tems which were incorporated into PILOT. 
He also conducted research in graph theory 
to aid in design automation. As senior proj- 
ect leader on design automation he had 
major responsibility for the development of 
data-processing techniques for converting 
logical design data into detailed production 
plans and for the production of the detailed 
computer-generated fabrication plans and 
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maintenance manuals for the PILOT. He 
has recently accepted a position with the 
International Business Machines Corpora- 
tion Research Center, Yorktown Heights, 
Nis We 

Mr. Weinberger is a member of the ACM. 
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James Bruce Wilson (S’56—A’57) was 
born on September 22, 1929, in Washington, 
D. C. He received the B.E.E. degree in 1958, 
from The George Washington University, 
Washington, D. C. 

He was Research Associate at The 
George Washington University and is now 
Research Scientist and Secretary-Treasurer 
of the National Biomedical Research Foun- 
dation, Silver Spring, Md. 
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Michael Yoeli was born in Piotrkow, 
Poland, on August 1, 1917. He received the 
M.S. degree in mathematics from the He- 
brew University, 
Jerusalem, Israel, in 
1957 and the D.Sc. 
degree in mathemat- 
ics from the Tech- 
nion, Haifa, Israel, 
in 1960. 

He joined the 
Jerusalem Telephone 
Engineering Depart- 
ment in 1938, From 
1948 to 1955 he was 
Head of the Tele- 
phone Switching Sys- 
tems Planning Department at the Israeli 
Ministry of Posts, Jerusalem. Since 1955 he 
has been a Lecturer at the Electrical Engi- 
neering Department of the Technion. In 
1960-1961 he was Visiting Assistant Pro- 
fessor at the Electrical Engineering Depart- 
ment, Syracuse University, Syracuse, N. Y., 
having been awarded a Fulbright Travel 
grant. For the summer of 1961 he joined the 
IBM Component Laboratory, Poughkeep- 
sie, N. Y. 

Dr. Yoeliis an Associate Member of the 
IEE and a member of the Mathematical 
Association of America. 
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Reviews of Books and Papers in the Computer Field 


T. C. BARTEE, Review Eprror 
J. S. BOMBA, W. J. CADDEN, M. LEWIN, D. C. ENGLEBART, Asst. Review Epitors 


Please address your comments and suggestions to the review editor: 
Thomas C. Bartee, Lincoln Laboratory, Massachusetts Institute of 


Technology, Lexington, Mass. 


A. SEQUENTIAL SWITCHING THEORY 
AND ITERATIVE CIRCUITS 


R61-118 On the State Assignment Problem for Sequential Machines. 
I—J. Hartmanis. (IRE Trans. ON ELECTRONIC COMPUTERS, vol. 
EC-10, pp. 157-165; June, 1961.) 


The author of this paper addresses himself to the notorious prob- 
lem of coding the internal states of a given sequential circuit in such 
a manner that the complexity of the internal combinational network 
is reduced. The following assumptions are made: 


1) The sequential circuit is clocked. 

2) The present outputs are dependent only on the present internal 
state. 

3) No “don’t cares” are allowed in the state (or flow) table. 

4) Unit delays are used for internal storage elements. 

5) Two-level diode AND-OR logic is used to realize the combina- 
tional circuit. 

6) No attempt is made to minimize the output logic. 


Within this framework, the author develops a procedure for 
coding the states of those sequential machines which possess a prop- 
erty which he calls partition with substitution property. Briefly, a 
machine possesses a partition with substitution property if it is possi- 
ble to divide its present internal states into several disjoint groups 
such that, given only the present inputs and the group to which the 
present internal state belongs, it is possible to determine, from the 
state table, the group to which the next internal state belongs. A set 
of rigorous procedures is given which allows one to find all such parti- 
tion for a given state table, and the author shows how to use these 
partitions to obtain economical encodings. It is also indicated how 
such partitions can be used to merge a given state table. 

It must be pointed out that the methods given are only applicable 
to a restricted class of sequential machines (namely those which pos- 
sess the above-mentioned partitions). The procedures are fairly tedi- 
ous to implement, and do not always result in absolutely minimal as- 
signments. (This reviewer knows of at least one assignment for 
Machine C of this paper which requires 6 fewer diodes than the as- 
signment given by the author.) 

The most important contribution made by this paper consists of 
the fact that, to the best of this reviewer’s knowledge, it contains the 
only results published to date which, in addition to giving an insight 
into the coding problem, also rest on a firm analytical basis. It is this 
reviewer's opinion that this paper points out a promising direction for 
research into the assignment problem, and that we need more general 
results of the type contained in this paper before sizable inroads can 
be made into this problem. 

The exposition in this paper is quite good, and suffers only very 
slightly from the fact that the same set of symbols is used for both the 
present-state and next-state internal variables. 

In summary, this paper is a clear exposition of some very elegant 
results which relate to the assignment provlem. While the immediate 
practical application of these results is restricted, there is no doubt 
that they provide a very valuable insight into the assignment problem 


and that they point the wa for further research in this area. 
*P A T. A. DOLOTTA 


Bell Telephone Labs., Inc. 
Murray Hill, N. J. 


R61-119 Connective Properties Preserved in Minimal State Ma- 
chines—Seymour Ginsburg. (J. Assoc. Comp. Mach., vol. 7, pp. 311— 
325; October, 1960.) 


The author investigates several properties of incompletely speci- 
fied sequential machines, which are preserved in at least one minimum 
state machine of the given machine. Although he expresses the hope 
of ultimately using these properties to simplify state minimization 
procedures for incompletely specified machines, no such simplifica- 
tions are given. This, however, may be a later aim of the author; and 
readers may find the properties of interest in other connections. 

In a section entitled preliminaries, Ginsburg presents a flow table 
formulation of incompletely specified sequential machines. He calls 
the flow table a 6, \-Matrix. The maps 6 and ) describe, respectively, 
the next states and outputs for some of the present state and input 
pairs. The machines are called incompletely specified since 6 and \ 
may be undefined for some state and input pairs. 

In completely specified sequential machines an equivalence rela- 
tion may be defined between states which give identical terminal be- 
havior. This equivalence leads to a well-known state minimization 
procedure. For incompletely specified sequential machines this rela- 
tion between states turns into a weaker relation where the transitive 
law no longer holds. Ginsburg defines this relation between two states 
p and qi as follows: state pi<q if for any input sequence Ji, J2,---, 
I, with the machine starting in state p; next states 6(pi, Li) =Pi41 
exist for 1<i<k and outputs A(p:, Ji) exist for 1<i<k; then 
8(qi, Li) = ia exist for 1<i<k and Nqi, T;)=)(pi, Ii) for 1<7<k. 

A slightly more general relation for pi <q; can be defined in which 
(qi, Ti) = ;, Ii) where dpi, Ii) is defined, but (Pi, T;) need not be 
defined for all i. This later definition, used by Paull and Unger! leads to 
a more complete treatment when an output dp, I) is not defined but 
a next state 6(p, J) is defined. 

Ginsburg extends the < relation to compare machines S and 7, 
where S<T if for each state p in S there is a state g in T such that 
p<q. A machine T is said to be a minimum state machine for S if 
(a) S<T and (b) no other machine Y exists with fewer states than T 
such that S<Y. 

Two restrictions on a machine S are imposed to obtain the con- 
nective properties for S: 


1) For each state of S, there exists at least one input for which an 
output is specified, and 

2) An output is specified for a given state and input whenever the 
next state is specified. 


The three connective properties obtained by the author are then: 


a) If 5 is a direct sum of strongly connected machines, then each 
minimum state machine of S contains a machine which is both 
a direct sum of strongly connected machines and is a minimum 
state machine for S. 

b) If machine S has the following stability property—For some 
input I, whenever 8(q, I) is defined and there is a number k such 
that the next state after a sequence of k inputs T is again state 
g—then there is a minimum state machine W for S which has 


1M, C. Paull and S. H. Unger, “Minimizing the number of states in incom- 
pletely specified sequential switching functions,” IRE TRANS. ON ELECTRONIC 
Computrrs, vol. EC-8, pp. 356-367; September, 1959. 
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the property that from any state p of W, if 5(p, I) is defined then 
8(p, I) equals the next state after a sequence of k+1 inputs J. 

c) If two machines Sand T are minimal with respect to each other, 
Sand Tare isomorphic. 


If restriction 2) is removed, it is easy to devise examples for which 
the third result no longer holds. Thus, one wonders what the author 
meant in saying that, “These two assumptions lead to no real loss in 
generality and have the advantage of allowing simplifications in defi- 
nitions, theorems, and proofs.” 

Several errors appear in the paper. On page 313 the end of the 
Paull-Unger Theorem should read that S<T7, rather than that T “isa 
solution to problem Q for S,” since the condition of minimality is not 
usually satisfied for all closed families of C-sets. 

On page 315, Fig. 3 should have entries p2, E? rather than p2, EB? 
for the entry in row 2, column I?. 

In remark (1) on page 317 the author makes the statement that, 
“Lemma 2.1 cannot be changed to read: ‘Let T be a solution to 
Problem Q for S. Then for each submachine W of T there exists a sub- 
machine V of S so that W is minimal with respect to V.’” This state- 
ment, however, is part of the conclusion of Lemma 2.1. The author 
probably meant that the Lemma could not be changed to read: “Let 
T be a solution to Problem Q for S. Then for each submachine V of S 
there exists a submachine W of T so that W is minimal with respect 
wo 

Finally, on page 323, Lemma 4.1, the word “stage” should be 
“state.” 

RAYMOND E. MILLER 
IBM Corp. 
Yorktown Heights, N. Y- 


B. DIGITAL COMPUTER SYSTEMS 
R61-120 


1) Design of an All-Magnetic Computing System: Part 1—Circuit 
Design—H. D. Crane and E. K. Van De Riet. (IRE TRANS. ON ELEC- 
TRONIC CoMPUTERS, vol. EC-10, pp. 207—220; June, 1961.) 


2) Design of an All-Magnetic Computing System: Part II—Logical 
Design—H. D. Crane. (IRE TRANS. ON ELECTRONIC COMPUTERS, 
vol. EC-10, pp. 221-232; June, 1961.) 


The MAD logic technique which was announced by H. D. Crane 
in 1957 depends only upon square loop magnetic material, conducting 
wire and pulse power supplies for the construction of complex com- 
puting circuits. The reclocking, reshaping and amplification of the 
digital signals are all provided by the ferrite and copper configuration 
entirely without the aid of conventional semiconductor or vacuum 
devices. 

The present contributions describe the design and some of the 
operating experience on an experimental arithmetic unit consisting of 
325 individual modules. Each module has two of the individual MAD 
logic elements. 

The papers are valuable because the authors discuss frankly the 
limitations as well as the advantages of the computing technique. 
They describe the ways in which the capability of the individual 
module are derated in order to achieve reliable operation in complex 
systems. The experimental unit is sufficiently complex for an evalua- 
tion of the effects of the module characteristics on the system proper- 
ties. The MAD logic module has been criticized because of its rela- 
tively low gain, its wiring complexity, its requirement of a complex 
and closely controlled power supply, and its high power consumption. 
The authors describe the techniques which were used to minimize 
these difficulties in the construction of a fairly complex subsystem. 

The module developed has a fan-out of three and will perform an 
OR operation on two input signals. Any one of the three outputs may 
be inverted by modifying the output wiring. A ten phase clock source 
is used to drive the modules. The mechanical construction was ar- 
ranged to minimize the wiring complexity and to minimize the cou- 
pling loop inductance. A clock pulse amplitude tolerance of +10 per 
cent was achieved with pulse durations compatible with a 20-kc 
operating speed. 

The paper on the logical design includes a detailed description of 
the various parts of the arithmetic unit and the way in which these 
units cooperate. In addition, the author has included a good discus- 
sion of the different design philosophy required for the construction of 


magnetic logic computing systems in comparison to other, more con- 
ventional, systems of logic. 
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In brief, these papers provide an excellent description of the 
MAD all-magnetic logic system. Previous papers were intended only 
for device designers and circuit designers. However, in these publi- 
cations there is material of direct interest to the logical designer and 
system designer who may wish to consider all-magnetic logic. 

EDWARD P. STABLER 
General Electric Co. 
Syracuse, N. Y. 


R61-121 Determination of Maximum Error of a Binary Multiplier— 
Yang Hsi-zeng. (Automation and Remote Control [Automatika 1 Tele- 
mekhanikal, vol. 21, pp. 709-713; February, 1961). 


The paper is concerned with the operation of binary multipliers, 
of the type employed for digital integration in digital differential ana- 
lyzers. The integration is carried out in the following manner: the in- 
tegrand is stored in an n-digit register, where each digit is fed into an 
adder through a gate; the ith gate is controlled by a pulse generator 
whose frequency is proportional to 2~*. The number of pulses at the 
output of the adder is then proportional to the desired integral. The 
author investigates the accuracy of this integration scheme, as in- 
fluenced by the fluctuation of the output pulse frequency. Specifically, 
he derives a formula through which the maximum integration error 
can be evaluated for any specified n, and shows that the maximum 
integration error increases with n. The same formula can be readily 
extended to integration networks employing several integrators, such 
as used in the solution of simultaneous differential equations. Al- 
though the results in this paper are highly specialized, they may be 
of considerable value to those concerned with the design and use of 
digitai differential analyzers. 

ARTHUR GILL 
University of California 
Berkeley, Calif. 


R61-122 Statistical Analysis of Certain Binary Division Algorithms— 
C. V. Freiman. (Proc. IRE, vol. 49, pp. 91-103; January, 1961.) 


Division in most digital computers is executed as a sequence of 
iterative steps, which consist of additions or subtractions and left 
shifts. This method of division may be further classified according to 
the type of shifting which is employed. If the shifts of partial re- 
mainders are of fixed length, a constant number of quotient digits is 
generated during each iteration, and the division operation is com- 
pleted in a fixed time. If shifts of variable length (1, 2,-- - , k digital 
positions) are allowed, the partial remainder is normalized during 
each iteration and k quotient digits are generated if the shift was k 
digital positions long. The number of iterations (and, consequently, 
the duration of the division operation) is variable. If fast execution 
of division is desired, the average number of shifts per iteration (the 
shift average) must be as large as possible. 

The author of this paper presents a new, more rigorous, method 
for the calculation of the shift average for binary division with vari- 
able-length shifting. In order to determine the “steady-state” shift 
average, the formation of successive partial remainders is described 
in terms of a regular Markov chain. Steady-state probabilities for 
each interval of the partial remainder yield probability densities, 
from which steady-state shift averages are calculated. A general pro- 
cedure for rational divisors in the range [0.5, 1.0) is described and 
illustrated by detailed examples. This use of the Markov chain model 
is a more rigorous approach than the calculation of “nominal” shift 
averages for an assumed uniform joint probability density of the 
divisor and successive partial remainders. A comparison between the 
nominal shift average, the steady-state shift average and the results 
of a simulation program of 2! division problems shows that the 
nominal shift average is a useful approximation to the more rigorously 
and the experimentally obtained shift averages. 

The author also discusses the increase of the shift average when 
two or three multiples of the divisor are available for the formation 
of the next partial remainder. (The divisor alone was available in 
preceding analysis.) The nominal shift average § is calculated as a 
reasonable approximation, and an increase from $=2.67 (divisor 
only) to a maximum of $=4.05 (divisor and two multiples) is ob- 
served. However, the discussion is quite brief and a more thorough 
evaluation of this method is certainly necessary. 

The paper presents novel and useful insights into the statistical 
properties of the variable-shift division algorithm. The use of the 
Markov chain model is a welcome addition to the analysis of arith- 
metic processes, and the generous use of examples is highly com- 


1961 


mendable. The introductory two-page section on the methods of 
binary division is a good tutorial article in its own right and makes 
the entire paper accessible to any interested reader. 

Two items in Appendix IT require correction: 1) The equation on 

line 8 should read “--- of the form $+2-(k=2, 3,--+) even 

though - - - ,” that is, the symbol $ is unnecessary. 2) In Table IV 

column “Discontinuities,” the value “3—2D” in four lower ue 
should be replaced by “2—2D.” | 

ALGIRDAS AVIZIENIS 

Jet Propulsion Laboratory 

California Institute of Technology 

Pasadena, Calif. 


- R61-123 A Parallel Arithmetic Unit Using a Saturated-Transistor 
Fast-Carry Circuit—T. Kilburn, D. G. B. Edwards, and D. Aspinall. 
(Proc. IEE, pt. B, vol. 107, pp. 573-584; November, 1960.) 


The central theme of the paper is a fast-carry system using a 
method of fast-carry propagation through successive digit positions. 

With mechanical switches or relays, a fast parallel adder can be 
obtained by letting the carry propagate conditions between two con- 
secutive digit positions be represented by a closed contact. The carry 
propagate conditions between every pair of consecutive digit condi- 
tions can be set up simultaneously. Following that, the carry propa- 
gation through a series of closed contacts takes but a negligible length 
of time. 

The electronic counterpart of a very short propagate time through 
a series of closed contacts is obtained by the authors using saturated 
transistors as closed contacts. It is based on the property of a satu- 
rated transistor that a pulse passes from emitter to collector with 
negligible delay if the pulse does not change the saturation conditions. 

A 20-stage carry path constructed by the authors produced a 
total delay through the saturated transistors of 20 nsec of which 
about half was due to some 5 feet of wiring. This is in contrast to the 
20 nsec of delay through a typical transistor gating stage. 

The use of a fast carry system based upon fast carry circuits as 
opposed to logical means of speeding up the carry is not without its 
disadvantages. In the system described, the carry circuits require 
voltage levels different from those of the standard logical gating 
stages. Furthermore, to prevent excessive differences in current drain 
and voltage drop that confront the carry signal between the extremes 
of short and long carry propagation paths, an emitter follower is in- 
serted after each group of six stages. 

Standardization of circuits, of course, is worth a reasonable 
amount of additional hardware, provided that no substantial sac- 
rifice in speed is entailed. The carry scheme devised by the authors, 
when projected to a 40-stage adder, appears to involve a carry path 
delay equivalent to between five and six standard gating stages. Con- 
sidering the limited fan-in and fan-out of the standard gating stages, 
the carry speed compares favorably with carry schemes where speed 


is obtained through logical organization. 
ARNOLD WEINBERGER 


IBM Res. Ctr. 
Yorktown Heights, N. Y. 


R61-124 Binary Arithmetic—George W. Reitwiesner. (In “Advances 
in Computers,” Franz J. Alt, Ed., Academic Press Inc., New York, 
N. Y., pp. 231-308; 1960.) 


This chapter analyzes ways of efficiently performing arithmetic 
in a binary digital computer. The arguments are independent of 
specific logical structures, although the computer assumed as a basis 
for discusion is a machine of the Princeton class, with a parallel 
arithmetic unit in which additions (or subtractions) and shifts are the 
fundamental operations, and multiplications, divisions, and more 
complex operations are performed as sequential combinations of the 
fundamental operations. Numbers are assumed to lie in the range 
from —1 to +1 for most of the discussion; they are expressed in 2’s 
complement representation. 

The chapter starts with a description of the 2’s complement 
number representation and the effects of scaling on the representa- 
tion. The replacement, during arithmetic operations, of a number by 
its 2’s complement, #.e., by its residue modulo a power of 2, is then 

. justified. This justification, though necessary, is usually omitted 
from discussions of binary arithmetic. 
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A detailed discussion of the algorithms for the fundamental arith- 
metic operations follows. A redundant binary representation using 
digits —1, 0, and +1, in which the number of non-zero digits is 
minimal, is then derived. This minimal representation is then used 
to reduce the number of additions or subtractions which must be 
performed in the compound operations. A detailed discussion of the 
multiplication, division, and square-rooting algorithms follows. An 
ultimate limit is derived for the number of additions and subtractions 
during division, and a similar argument is indicated for square- 
rooting. The chapter closes with comments on rounding, scaling, and 
multiple precision operations. 

The material is always presented in a thorough fashion. Exten- 
sions of the arguments to other number ranges or other number repre- 
sentations, along the lines presented in this chapter, should be easy. 
The list of references provides a good cross section of activities in this 
area. 

The only objection which one might raise is that the author per- 
haps tried to do too much: exhaustive attention to detail, a criticism 
anticipated in the author’s introduction, frequently obscures the main 
issues, and an attempt to be general sometimes causes the discussion 
to become unnecessarily complicated, e.g., in tre simultaneous treat- 
ment of fractional and integral number representations. 

This chapter is not intended for the uninitiated. However, with 
proper care, working through this chapter is a rewarding experience. 

GERNOT METZE 
Digital Computer Lab. 
University of Illinois 
Urbana, II. 


R61-125 Analogue and Digital Computers—A. C. D. Haley and W. E. 
Scott, Eds. (The Philosophical Library, Inc., New York, IN, Woe 
1960, 308 pages. ) 


This is a survey book, embodying a collection of chapters written 
by individual specialists on various topics relating mainly to analog 
and digital hardware. 

There are ten chapters in this volume: an introduction; three 
chapters concerned with the operation, design, and circuits, respec- 
tively, of analog computers; and six chapters pertaining to number 
representation, operation, circuits, storage, input-output, and pro- 
gramming, respectively, of digital computers. The level of discussion 
in each chapter is mainly descriptive, vacuum tube circuits are pre- 
dominantly used, and discussed on a very qualitative level. 

This is not a volume for the active worker in either the software 
or the hardware end of the computer business. For even the general 
user it has major defects and omissions. It reflects the state of the art 
(primarily in England) in components and circuits as of the early 
fifties. _It is an anthology that has no cohesive theme, viewpoint, or 
even a collection of tools to attack circuit, logical design or system 
problems. 

It describes some of the techniques and elements that are in use 
without giving the user much of a feel as to the limitations and ad- 
vantages of such use with respect to alternatives. 

It is quite weak on logical design, and almost nonexistent in the 
area of over-all design considerations. A chapter on the systems 
aspect of computer design is thus a major omission. 

In the area of usage and programming, once again the book is far 
behind the state of the art, coding being introduced and discussed in 
a single chapter at the machine language level, with almost no at- 
tempt to clarify or unify the relationship between usage and design. 

At this stage of the development of the computer art, even an un- 
sophisticated reader deserves to be shown “why” in addition to 
“what.” 

HERBERT M. TEAGER 
Mass. Inst. Tech. 
Cambridge, Mass. 


C. CIRCUITS AND COMPONENTS 


R61-126 Transistor Logic Circuits—Richard B. Hurley. (John Wiley 
and Sons, Inc., New York, N. Y.; 1961. 355 pp. +xvi pp. +1 Bibli- 
ography p.+5 Index pp. Illus. $10.00. 


Mr. Hurley’s latest book provides a complete single volume source 
for the designer of modern transistor logic. It isa book for engineers 
and physicists who want to build good equipment rather than for 
academic workers who have no equipment objectives. Mr. Hurley 
believes that there can be no seperation between circuit design and 
the planning of logical combinations of these circuits, 
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“Transistor Logic Circuits” is a comprehensive and tutorial treat- 
ment of Boolean Algebra, component minimization techniques and 
semiconductor device circuit design theory. Only a knowledge of 
undergraduate engineering mathematics and network analysis are 
necessary tools for exploiting the carefully arranged information. 
This book is organized as a course text. The development of logic 
concepts is immediately succeeded by real circuit examples. The 
author has included electronic schematic diagrams often with specific 
part values and voltages. These circuits, while appearing specific, are 
always easy-to-understand examples of design philosophy, displaying 
the concepts developed in the text. 

Other important examples of the good teaching techniques found 
in the book are the consistent and clear logic and circuit notations. 
Also, working terms are simply defined as they are introduced. I have 
found no instance of ambiguity anywhere in the work. 

Little of the material appears to be new but rather the organi- 
zation, presentation and comprehensive inclusion are unique. An 
exception might be in the sequential logic chapters where the tech- 
niques for state reduction and assignments are more lucidly presented 
than in any other source I have found. 

Having worked intimately with several engineers who have 
studied the material in “Transistor Logic Circuits” at the University 
of California under Mr. Hurley, I have seen how effective integrated 
teaching techniques as are found in this book can be. 

I want to recommend the book to any worker who wants to 
realize modern logical configurations with efficient reliable semi- 
conductor circuitry. 

JeERoME A. G. RUSSELL 
University of California 
Lawrence Radiation Lab. 
Berkeley, Calif. 


R61-127 Statistical Analysis of Logic Circuit Performance in Digital 
Systems—E. Nussbaum, E. A. Irland, and C. E. Young. (Proc. 
IRE, vol. 49, pp. 236-245; January, 1961.) 


The authors present a technique for statistically analyzing the 
transient delays of computer switching circuits. The first part of the 
paper presents a brief review of two well-known techniques of statis- 
tical analysis, followed by the main body which treats a specific ap- 
proach for analyzing the statistical distributions of delays of TRL 
circuits. 

Using the Monte Carlo method, the authors have developed a 
computer program for this analysis. They have chosen a “propagation 
of delay model” to mathematically represent the dynamic behavior 
of the transistor for turn-on, turn-off and storage delay. This basic 
model is used to analyze any desired configuration of switching 
circuits. 

To obtain the parameters of the equation, a Monte Carlo random 
number generator is used to select these values from the statistical 
distributions. These parameters are inserted in the equations of the 
mathematical model and the various delays are computed. The 
equation is solved iteratively, using the random number generator 
each time to select a new set of parameters, until a predetermined 
number of cases are computed. The various delays are then tabu- 
lated to give a complete distribution. 

The single TRL gate was analyzed and distribution of delays com- 
pared with the computed worst case delays, pointing out the extreme 
pessimism associated with the worst case design philosophy. Com- 
parisons were also made of delay distribution assuming both uniform 
and normal distributions for the parameters. As would be expected, 
the uniform distributions resulted in more pessimistic delays. 

While the approach is not new, the authors have presented a 
fairly complete analysis and followed it with some interesting 
comparisons. A few questions are raised, however, by the reviewer, 
and the answers would be of interest to him. 


1) In view of the analysis of both transitions plus saturation de- 
lays, it would be interesting to know to what accuracy the model 
represents the actual behavior of the circuit. The authors claim 
that inaccuracies of this model are much less than the spread 
of the expected distributions. The reviewer would be concerned 
to the extent that an inaccurate model may shift the mean value 
of delay. Some comparisons with actual circuit responses would 
certainly have been of value in pointing out the degree of devia- 
tion, if any, from actual performance. 

2) The choice of the TRL circuit family puts a minimum burden 

on the accuracy of the mathematical model for a transistor. It 
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would be interesting to know whether this analysis is extend- 
ible to widely used circuits such as diode-inverter logic. 

R. J. DoMENICO 

IBM Corp. 

Poughkeepsie, N. Y. 


R61-128 Contactless Semiconductor Switching Elements—E. V. 
Miller. (Automation and Remote Control [A utomatika i Telemekhantkal, 
vol. 21, no. 17; February, 1961.) 

The material in this paper is well presented and the analysis ap- 
pears to be accurate. The subject is not new. Similar material has 
been discussed many times in western literature. The level of the 
material is approximately that of transistor circuit papers, presented 
in 1956-1957 dealing with basic transistor invertor stage design, 1.e., 
basic operation, temperature limitations, etc. The author also points 
out that diode transistor circuits offer basic advantages over all 
transistor circuits, etc. This of course has been well discussed in 
western lierature for over five years. 

In short, the subject is not new but appears to have been new 
only to the author. 

RICHARD H. BAKER 
Lincoln Lab., Mass. Inst. Tech. 
Lexington, Mass. 


R61-129 Semiconductor Devices and Applications—R. A. Greiner. 
(McGraw-Hill Book, Co., Inc., New York, N. Y.; 1961. 411 p.+76 
Appendix pp. +5 Index pp. +xiv pp.) 


This book might better be entitled “Transistors and Applications,” 
since aside from very brief mentions of tunnel diodes, breakdown di- 
odes and plate rectifiers, junction diodes and transistors receive all 
the attention. The book could be used for a junior- or senior-level uni- 
versity course on transistors. Problems are provided which well 
illustrate the topics discussed in the text. 

Of the roughly 400 pages of text, about 100 pages deal with basic 
solid-state physics, some properties of germanium and silicon, and 
the theory of contacts. The treatment of such a vast area is neces- 
sarily cursory, and it is arguable whether much of the material con- 
tributes anything at all to the physical understanding of the circuit 
behavior of transistors. For example, some effort is expended in cal- 
culating the position of the Fermi level for both intrinsic and ex- 
trinsic semiconductors, but since the calculation depends on the 
density-of-states function which is presented with virtually no dis- 
cussion, it is not clear that the student derives any benefit from this 
exercise. It will certainly not help him estimate the switching speed 
of a transistor in a regenerative circuit, to give an example of a topic 
which might have been more profitably discussed. 

There are about 105 pages devoted to the physical theory of di- 
odes and transistors, which end up in standard equivalent-circuit 
representations for large- and small-signal applications. High fre- 
quency and switching transistors are discussed later in the book in a 
separate chapter of 22 pages. The relations between the equivalent- 
circuit elements and the physical device parameters are generally 
pointed out, but the treatment of switching times is not illuminating. 
Following a qualitative discussion of charge storage, the standard rise 
storage and fall time equations are presented with very little indica- 
tion of how they arise. The inverse alpha cutoff frequency is intro- 
duced in connection with storage time, but no definition or mention 
of the physical significance of this frequency could be found. 

Turning to applications, one finds a very clear and complete treat- 
ment of biasing and stabilization problems (22 pages). Small-signal, 
power, and dc amplifiers occupy about 80 pages. Various gain and 
impedance formulas are developed for small-signal amplifiers in 
terms of the transistor hybrid parameters, and discussed principally 
for low frequencies where these parameters are real. The brief men- 
tion of amplifier response at high frequencies concludes that both 
voltage and current gain of a common-emitter stage must decrease 
above the beta cutoff frequency, i.e., fa/ly,. This is incorrect, and 
arises from the uncritical use of a very restrictive equivalent circuit 
developed earlier. 

There are two short chapters, totaling 30 pages, on regulated 
power supplies and sinusoidal oscillators. Finally, 40 pages are de- 
voted to switching circuits. The treatment here is largely qualitative, 
no one circuit being treated in much detail. It is unfortunate that 
nothing is said about switching speed of the regenerative circuits 
since this can easily be done using material already developed or 
latent in the book. 
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A series of appendices provides information on matrix and parame- 
ter interrelationships, gain formulas, and manufacturer’s data on a 
wide variety of transistors. 

In summary, the reader of this book will learn something of the 
physical theory of transistors and how this relates to circuit per- 
formance, particularly in low-frequency applications. The writing 
is generally clear and readable. In the reviewer’s opinion, however, 
there is too much physical theory which appears once and is never 
subsequently made use of. It is believed that a book in this area 
should contribute an over-all unity to the material discussed, which 
otherwise becomes simply a convenient collection of topics from the 
literature. 

R. M. SCARLETT 
Stanford University 
Stanford, Calif. 


Ro1-130 ISABEL (Iso Status Accumulating Binaries using Extraor- 
dinary Logic)—J. A. Goss. (Elec. Engrg., vol. 32, pp. 630-634; 
October, 1960.) 


Mr. Goss’s paper will be considered in four parts. The first part, 
an introduction, describes the fundamentals of decade counters con- 
structed from binaries. The description contributes nothing new, but 
is clear and compact. 

In the second part, the basic ISABEL concept is described. The 
concept utilizes parallel trigger inputs to flip-flops, through gates 
which are controlled by logic functions of previous flip-flops states. 
Rapid-carry counters of this type are not new. In a recent PGEC 
teview,! Edson described several types of rapid-carry counters which 
have been known for quite a few years. Mr. Goss’s contribution con- 
sists of a generalization of the type of counter which appears in Fig. 2 
of Mr. Edson’s review. The generalization is straightforward and en- 
tirely obvious—in hindsight. Although the result of such generaliza- 
tion can hardly be called “extraordinary logic,” it does encompass a 
host of special counter configurations. 

The design of these special configurations appears in the third 
part of the paper. Here Mr. Goss presents several codes for designing 
decade counters. A clever, semi-empirical trick employing Boolean 
algebra is described for simplifying the counter configuration; how- 
ever, no definite design procedure for achieving the optimum is given. 
A severe limitation of the typical ISABEL codes is the impossibility 
of assigning a definite weighted value, such as the familiar 8-4-2-1, to 
each flip-flop. Consequently, decoding could be quite difficult. 

The final part of the paper describes the flip-flop and gate cir- 
cuits which were used to implement the logic design. The circuits are 
well known and are applied straightforwardly: nothing new or 
unusual appears in this section. 

Despite her laboriously contrived name, ISABEL is really not the 
extraordinary new personality she would pretend. Beneath the 
glamour, she is really just another REBECCA (Routine logic En- 
tailing Binaries Eliminating Cummulative Carry Advances). 

A. K. RAPP 
Res. Div. 
Philco Corp. 
Blue Bell, Pa. 


R61-131 High Speed Scalers Using Tunnel Diodes—Philip Spiegel. 
(Rev. Sci. Insir., vol. 31, p. 754; July, 1960.) 


This paper is another illustration of the advantage of using tunnel 
diodes to perform a relatively complicated digital circuit function 
with a very simple configuration of elements. In this case, a scale-of-n 
counter is described which uses a series string of matched tunnel 
diodes and two transistors. 

The series string is biased with a current source giving n+1 stable 
states. It starts in the reset condition with all diodes in the low volt- 
age state and each successive input pulse triggers one and only one 
diode to the high voltage state. The transistors are used to sense when 
the nth count has been reached and to reset the system. j 

In evaluating the circuit, one finds that the most critical design 
requirements are, first, having a sufficiently good match in the 


1J. O. Edson, Review no. R61-51, IRE TRANS. ON ELECTRONIC COMPUTERS, 


_ EC-10, pp. 301-302; June, 1961. Put ok, rae! 
es Mr. Eder cites Richards? as the source of his illustrated circuits. 
2R. K. Richards, “Arithmetic Operations in Digital Computers,” D. Van Nos- 


trand Co., Inc., Princeton, N. J.; 1955. 
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tunnel-diode characteristics and, second, controlling the input trigger 
pulse shape to insure that one and only one diode is triggered with 
each pulse. The author presents some numbers to show that one can, 
to a certain extent, trade input pulse requirements for more severe 
tolerances on tunnel diodes. Experimental work with circuits of this 
type indicates the tendency to skip one or more counts if the input 
pulse is too large or two wide. The reviewer feels that one cannot omit 
from the system an adequate limiting or pulse-shaping stage at the 
input. This would insure more reliable operation under typical 
laboratory conditions. 

This paper is clear and concise and is recommended, with the 
reservations stated above, to anyone interested in a very simple, 
high-speed counter.! 

Morton H. LEWIN 
RCA Labs. 
Princeton, N. J. 


R61-132 Linear Graphs and Electrical Networks—Sundaram Seshu 
and Myril B. Reed. (Addison-Wesley Publishing Co., Inc., Reading, 
Mass.; 1961. 315 pp.) 


Linear graphs are playing an increasingly important role in 
modern system theory, particularly in that branch which deals with 
linear, lumped and time-invariant components. Traditionally, how- 
ever, the approach of electrical engineers to system problems has 
been, with a few exceptions, dominated by Laplace transform theory 
and related topics. On the other hand every electrical engineer is ac- 
customed, early in his career, to formulate a given problem by means 
of (circuit) diagrams. It is thus surprising that so little attention has 
been given to the study of circuit properties resulting primarily from 
the interconnection of the components themselves, with secondary 
regard to the voltage-current, etc., interrelations of the individual 
components. Graph theory, already formulated by mathematicians 
interested in topology, provides the necessary background to consider 
these aspects. In the last decade a number of electrical engineers, 
initially concerned with the formulation of Kirchhoff laws, as well as 
mathematicians seeking applications, seriously focused their atten- 
tion in this area. As a result, several articles were published and one 
or two chapters on this subject appeared in a few introductory and 
advanced texts. This timely book by Seshu and Reed fulfills the need 
of bringing together under one cover both a coherent development of 
linear graph theory and a number of the important applications that 
are found in various branches of modern electrical science and are 
scattered throughout the literature. In this respect the book is a first 
in the English language. Its authors, both educators, are known for 
their research efforts in this area. 

The book consists of ten short chapters. The first five chapters 
(about 100 pages) are devoted to the basic concepts and the develop- 
ment of purely abstract graph theoretic results. In these five chapters 
the notions of circuits, trees, cut-sets, oriented and nonoriented 
graphs, planar and dual graphs, are carefully presented. Algebraic — 
concepts used for the study of linear graphs (rings, fields, linear vector 
spaces) are briefly introduced; however, matrix algebra is used exten- 
sively without explanation. At the end of Chapter V there is a brief 
section (five pages) which outlines the significant results on graphs. 
This section is most useful for references purposes, particularly since 
several of these results have appeared as problems in the text and 
could have been overlooked by the reader, and in view of the fact that 
the remaining five chapters in the text are concerned with applications 
of these results. This section is also novel in at least two respects: the 
results are classified in an orderly way, and in most cases the name 
of the person who first proved the results as well as the year it was 
done, is given. The effectiveness of this outline is somewhat lessened 
by the symbols which were used in the text and which are not ex- 
plained here. Fortunately, most items state where, in the text, more 
information, as well as the pertinent proof, can be found. 

The remaining five chapters, about 200 pages or two-thirds of 
the book, are concerned with applications of linear graph theory. 
Chapter VI deals with the role of graph theory in the formulation of 
network analysis problems. Chapter VII est blishes certain topo- 
logical formulae for computing network f unctions of passive bilateral 
(with and without mutual inductance) as well as active and non- 


1 See also F. P. Heiman, “100-Mc Tunnel Diode Ring Counter,” Proc, IRE. 
vol, 49, p. 1215; July, 1961. 
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bilateral circuits. Chapter VIII is concerned with the enumeration of 
natural frequencies of RLC networks “by inspection,” certain ques- 
tions connected with the transformerless realization of driving point 
passive functions, and the location of zeros of transmission of two- 
terminal-pair grounded RLC networks. Chapter 1X takes up the 
application of graph theory to switching circuits (with emphasis on 
the relationship existing between electric circuits and contact net- 
works), sequential machines (connection and transmission matrices) 
and a brief reference to logic networks (4 pages). Chapter X makes 
passing mention of the application of graph theory to several areas: 
communication networks, probabilistic nets, calculus of binary rela- 
tions, axiomatics and others. One section of this chapter is devoted 
to the discussion of signal-flow-graphs (familiarity with the signal- 
flow-graphs is assumed). At the end of each chapter there is an ade- 
quate supply of problems, some rather challenging ones (the book 
contains altogether 200 problems). The appendix should be singled 
out as another novel feature of the book. It contains a collection of 
what the authors call research problems leading to term papers or 
theses. The problems are grouped according to the expected degree of 
difficulty. A definite aid to anyone undertaking such a task is the 
extensive bibliography of the text (200 references). 

In the writing of this book the authors have succeeded in re- 
flecting the interest and enthusiasm they have for their subject 
matter. They have made a conscientious effort to be precise and to 
provide rigorous proof in the style of the mathematicians and still not 
lose their humor as engineers concerned with such matters as physical 
networks which should not “go up in smoke.” The coverage is good, 
although a few important applications of linear graphs are touched 
too lightly or altogether missing, ¢.g., the application of signal-flow- 
graphs to analog computers. If the book is ever revised the recent 
contributions of Guillemin and Biorci and Civalleri on the realization 
of conductance matrices based on graph theoretic properties (sign 
matrix), which perhaps came too late for this volume, should be in- 
cluded. The authors are to be commended for their efforts. The book 
will significantly aid those interested in becoming familiar with linear 
graphs and their applications. It is indeed illuminating. 

N. DEeCvaris 
Cornell University 
Ithaca, N. Y. 


R61-133 Digital Computation Elements, Based on the Principle of 
Integrating Voltage Pulses—E. K. Yuferova. (Automation and Re- 
mote Control [Avtomatika i Telemekhanika]. vol. 21, pp. 1165-1172; 
August, 1960. English trans.) 


Two digital devices, based upon the integrating properties of 
rectangular hysteresis loop magnetic cores, are described in this paper. 
The first is a preset pulse counter in which capabilities of up to 120 
counts per stage are claimed for laboratory versions. The second is a 
three-input, binary adder which produces sum and carry outputs 20 
usec after the inputs have been received. 

Both of the circuits described require partial switching of cores. 
In the counter circuit, transfer of flux from a fully switched “pulse- 
forming core” causes partial switching of an originally saturated 
“integrating core.” When a predetermined number of pulses occurs, 
the integrating core reaches the opposite state of saturation, an out- 
put pulse is generated, and the integrating core is reset to the initial 
state. The pulse-forming core and the integrating core are coupled 
by means of a regenerative transistor switch. This switch derives its 
collector voltage from the pulse-forming core so that the flux transfer 
is made nearly independent of variations in the supply voltage. 

Counters of this type have appeared in the literature before. The 
author cites Pittman! and Van Nice and Lyman.? A third which 
comes to mind is by Sands.’ These counters exhibit economy of equip- 
ment and power, but suffer from a high rejection rate in the selection 
of cores and transistors. 

Two forms of adder are presented in this article. In both, the 
three binary inputs cause an integrating core to be set to one of four 
possible states (positive and negative saturation, and two inter- 
mediate states). In the first , a sequence of four constant volt-second 
reset pulses produces a succession of output pulses from the inte- 
grating core whose number is equal to the number of input ONEs. 


1G. F, Pittman, “A high-accuracy static time dela i ilizi i ?. 
5 cure y device utilizing transistors, 
Trans. AIEE, pt. I (Communications and Electronics), March, 1985." oy 
R. J. Van Nice and R. C, Lyman, “A predetermined scaler utilizing transistors 
and magnetic cores,” Proc. Natl. Electronics Conf., October 3-5, 1955, 


3 E. A. Sands, “Magnetically Controlled C Y 
entice Recs Ooptate ta. y rolled Counters,” 1957 IRE NatIonaL Con- 
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The output pulses are gated to two conventional core circuts which 
compute the sum and carry bits. In the second, a current pulse resets 
the partially switched integrating core, inducing a voltage pulse 
whose amplitude depends upon the amount of flux being reversed. 
Voltage levels are separated by connecting windings of the integrating 
core to the inputs of three biased transistor amplifiers which in turn 
drive three output cores. Series combinations of the output voltages 
of these cores produce the sum and carry bits. , 

The adders are quite original but, in this reviewer's opinion, of 
questionable value. If great gains in speed and reductions in com- 
ponent count were realizable using these devices, then the unfortu- 
nate combinationof biased transistor discriminators with cores operat- 
ing in partial switching modes might be offset. This does not appear 
to be the case. Present levels of technology allow faster, more eco- 
nomical circuits to be constructed using properties of cores and 
transistors which depend less upon tight specifications, and so the 
devices presented have little to recommend them. 

A. JAMES LINCOLN 
Instrumentation Lab. M.I.T. 
Cambridge, Mass. 


D. MEMORIES AND ACCESS CIRCUITS 


R61-134 High-Speed Light Output Signals from Electroluminescent 


Storage Systems—G. R. Hoffman, D. H. Smith, and D. C. Jeffreys. 
(The Institution of Electrical Engineers, Paper No. 3217M, pp. 599- 
605; February, 1960.) 


The use of a matrix of small electroluminescent cells for the stor- 
age of digital information is described in this paper. Information in 
the form of light flashes from the selected cells is read out a bit ata 
time and detected by a photomultiplier tube. An opaque mask over 
the array constitutes the permanent or semipermanent store. 

The authors give a clear discussion of the response of electro- 
luminescent cells to voltage pulses, the limitation on read-out speed, 
and the limitations on the number of cells which can be utilized in 
the matrix. 

The light flash from the electroluminescent cell produces in the 
output circuit of the photomultiplier a voltage pulse whose shape is 
not suitable for triggering computer type circuts. For this reason the 
pulse is integrated and strobed. 

Although the output pulses may rise in a fraction of a microsecond 
read-out times are limited to about 25 to 30 usec per bit because of 
the afterglow or slow decay of the phosphor. New electroluminescent 
phosphors may improve this, however. 

The total number of cells in the matrix or the storage capacity 
is limited by the signal-to-noise or discrimination ratio. This ratio 
depends on the geometry (size and position of the cell, mask and 
photocathode of the photomultiplier) as well as electrical considera- 
tions. Similar to coincident current memories, the half selected ele- 
ments produce the unwanted outputs. However, in the electro- 
luminescent matrix this condition can be improved by applying 
auxiliary voltages to the unselected lines, i.e., in addition to + V/2 
and —V/2 to the selected row and column, respectively, — V/x 
and +V/x are applied to the unselected rows and columns. The 
method of optimizing » is treated. 

Although theoretical calculations indicate that satisfactory dis- 
crimination ratios should be obtained with arrays as large as 64X64, 
measurements on experimental panels suggest that 32X32 is the 
maximum. 

Another feature limiting the use of electroluminescence in memory 
applications is the phenomenon of build-up. If after a period of rest 
a cell is subjected to a repetitive waveform, the light output requires 
a few cycles to build up to a steady-state value. Similarly, if a cell is 
excited by irregularly spaced pulses of voltage, it is found that the 
light emitted at each pulse depends on the previous “history.” For 
this reason, the authors limit their discussion to a continuous sequen- 
tial selection memory in which each cell is selected once every operat- 
ing cycle. 

Possibly, because of the preliminary nature of the results, no con- 
sideration is given to changes in panel brightness with time and how 
this might affect the usable life of the matrix. 

In view of the limitations mentioned, it is not clear where this 
type of memory is superior when compared to other forms of storage. 


However, the paper does list the following as possible advantages for 
using electroluminescent elements: 
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1) Each element may be made very small so that relatively large 
numbers of digits can be stored in a small area. 

2) The method of construction is suitable for the production of 
cells which are very uniform, at a relatively low cost. 

3) The read-out may be very rapid, and is obtained in the form of 
a pulse of light. This can be expected to simplify pick-up 
problems. 

FRANK L. MCNAMARA 
Lincoln Lab., Mass. Inst. Tech. 
Lexington, Mass. 


R61-135 A Digital Store With Very Short Read Time—T. Kilburn 
and R. L. Grimsdale. (Proc. EE, vol. 107, Pt. B, pp. 567-572; No- 
~ vember, 1960.) 


The steadily increasing number of fixed and mechanically change- 
. cable matrix memories reported in an advanced state of dévelopment 
reflects their increasing importance in data-processing systems. As 
remarked by the authors of this paper, large capacity stores with 
access times in the microsecond and submicrosecond range can be 
manufactured at a small fraction of the cost of a core store of equal 
speed and capacity. The reasons are to be found in their simpler fabri- 
cation and access circuitry. The stores reported to date fall into two 
categories. In the first,’ a 1 or 0 is recorded by the physical presence 
or absence of a linear or quasi-linear coupling impedance at the inter- 
sections of orthogonal word and digit lines comprising the matrix. In 
the second,® magnetic switching elements are used in place of the 
linear impedances and data is stored by the inhibition or not of 
switching. The faster response of the linear impedance gives the first 
class a higher speed capability, and the element itself may be simpler 
and the drive currents lower. On the other hand, the delayed peak 
output voltage from a switching element simplifies differentiation 
against noise transients, and its threshold makes possible simpler 
forms of accessing. These are among the points to be kept in mind 
when comparing designs for a particular application. This paper adds 
significantly to the stock of pertinent information in this growing 
technology. 

The paper describes a high speed store that uses rods of linear 
ferrite at storage locations to produce inductive coupling between 
word and digit lines. The access time is 0.1 wsec and the cycle time is 
0.2 usec. Output voltages of a few millivolts are obtained using 50 ma 
word select pulses with 0.02 usec rise times. A one to zero ratio of six- 
teen is quoted, although it is not clear whether or not this is a worst 
case figure. Practical considerations of construction, reduction of 
interactions between adjacent storage locations, and the design of 
suitable access circuitry are discussed in fair detail. 

Two designs for use in the Ferranti Atlas computer are described, 
the first being a fixed store of 4096 words of 52 bits made very simply 
of a woven wire mesh for the word and digit line matrix, backed by 
modelling clay to hold the ferrite rods in place. The second store 
has 2048 words and is changeable. The ferrite rods in this case are free 
to slide within plastic tubes at the individual storage locations, and 
may be blown in or out fora 1 ora 0 by machine. The contents of the 
entire store can be changed in 55 sec. 

The means of accessing the fixed store are described in some detail. 
The store is essentially subdivided into 16 units each containing 256 
words. The 16 units have common word lines in series and common 
digit lines in parallel. Thus, address decoding is performed by a 1/256 
selection of word lines and a 1/16 selection in each of the 52 sets of 
parallel digit lines. It would have been of interest to have been given 
the reasoning behind this particular organization. As Takahashi and 
Watanabe? have pointed out, one of the serious problems in a store 
using linear coupling elements is the noise coming through unselected 
elements. Therefore, the design and organization of suitable access 
circuitry is a critical consideration. A number of organizations are 
possible. For example, Takahashi and Watanabe use 4096 diodes and 
transformers to access the word lines of a capacitance-coupled fixed 


1 J. Van Goethem, Proc. IEE, vol. 108, pt. B, 1961. : 
i ak aecolst and S. Watanabe, Proc. Symp. on Large Capacity Memory 


j , Washington, D. C.; May, 1961. F ~ 
| ie na J : Vamato, Proc. Symp. on Large Capacity Memory Techniques, 


i , D. C.; May, 1961. at 
Beye a Mace Ecrcone and R. K. York, “Semipermanent storage by capacitive 


coupling,’ IRE TRANS. ON ELECTRONIC COMPUTERS, Vol. EC-10, pp. 446-451; Sep- 
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store of the same size and speed, while in the inductance-coupled 
metal card memory? selection is shared by input and output circuits. 
We may look forward to a fuller discussion of this point in future 
publications. 

The paper provides an excellent introduction to this type of store 
but would have been strengthened by a thorough discussion of the 
extent to which noise transients are important. A discussion of the 
ferrite rod parameters and the degree of quality control necessary 
would also have been valuable. It is becoming apparent that most 
alternative designs of semipermanent stores can be reduced to forms 
involving simple printed circuit or weaving operations amenable to 
mass production. The fine details of fabrication and circuitry, there- 
fore, play a significant part in determining final costs. 

U. F. GIANOLA 
Bell Telephone Labs., Inc. 
Murray Hill, N. J. 


E. PROGRAMMING AND NUMERICAL METHODS 


R61-136 Computer Programming Fundamentals—H. D. Leeds and 
Gerald M. Weinberg. (McGraw-Hill Book Co., New York, N. Y.; 
1961. 368 pp., $8.50.) 


The authors of this book have presented a series of programming 
techniques which will prove invaluable to the beginning programmer 
and may be beneficial to the most experienced. The development of 
these techniques is done in a systematic way such that starting with 
basic, well-known facts each new topic follows logically from the 
preceding subject. While the organization of the material is different 
from that of most other books, it is very well suited to the authors’ 
purposes. This book would be an excellent text for programming 
courses for it covers the topics which are fundamental to good pro- 
gramming from defining the program and flow charting through 
coding and debugging to the final production run. It teaches good 
habits from the start and uses them through all the examples in 
the text. 

The first two chapters which describe a computer and its use are 
excellent for the person who is new to the field because difficult con- 
cepts are described clearly using simple examples familiar to every- 
one. The discussion of flow diagramming is excellent. The authors 
immediately establish good techniques in this area and demonstrate 
them throughout the book. They emphasize the importance of flow 
diagramming in defining a problem before trying to solve it which is 
something many programmers fail to do. The authors are to be com- 
mended for their emphasis on good flow diagramming techniques 
and their concern for full documentation of all programs. They de- 
velop an excellent method for tracing normal program sequence on 
the flow diagram, and the entire chapter defines a flow diagramming 
system which could be profitably applied by all programmers as well 
as installations which need an effective method of communication 
between programmers. 

The frequently confusing concept of indexing is presented very 
clearly. A thorough and separate examination of counting is made 
thus simplifying the subsequent explanation of address modification. 
By introducing input-output in a previous chapter they have many 
opportunities to use looping instructions in realistic programs, 
manipulating files and records, for instance, on the basis of some 
count. In the chapters on subroutines, the authors again make a plea 
for thorough documentation and checkout of widely distributed 
routines. In addition, they hope that management will be more 
careful to evaluate proposed routines to avoid duplication of previ- 
ously written programs and limit the distribution of routines to those 
which make a significant contribution to the field. This is another 
area where programming needs strong leadership, and it is encourag- 
ing to see it emerging. The authors also emphasize the need for more 
complete “automatic programming” systems and better operating 
systems which all programmers can profitably use. 

A short section on advanced programming languages of the 
Fortran level might have been helpful since these languages are be- 
coming increasingly important in programming. Such a description 
would also be valuable to anyone who is reading the book in an effort 
to understand the current literature. 

In summary, this book systematically develops good programming 
skills, and the authors include programming hints wherever possible. 
Their frank discussion of the problems of errors, both human and 
machine, is refreshing in its practical approach to this unfortunately 
persistent facet of programming. By introducing a limited but repre- 
sentative instruction set, and using it repeatedly, the authors give the 
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reader a complete familiarity with these instructions. The reasons 

for choosing an existing machine as the example are good for, as 

stated, it does lend authenticity to the subject. However, they 

treat the machine in such a way that it does not limit the usefulness 

of their techniques to persons interested specifically in the IBM 7090. 

The reviewer highly recommends the use of this book as a text in 
courses whose goal is to produce efficient, skillful programmers. 

ANN EWING 

IBM Corp. 

Poughkeepsie, N. Y. 


R61-137 On the Synthesis of Control Programs in Systems In- 
corporating a Digital Computer—P. F. Klubnikin. (Automation and 
Remote Control, vol. 21, pp. 1554-1559; November, 1960. Trans. in 
Automation Express, vol. 3; January, 1961.) 


The author derives a class of difference equations for a control 
signal in a linear error-sampled feedback system. His stated purpose 
is to retain system stability and minimize computational volume. The 
z-transform approach is used. 

In reading this article, one can only feel that the author is in- 
completely familiar with the general literature on sampled-data 
control systems. His treatment of this broad subject is inadequate in 
comparison with books and articles appearing several years previous 
to his, such as the work of Ragazzini and his colleagues. 

The author adopts an over-all z-transfer function of the form 


Gig, Gaz G2, 


in order to have a finite settling time for the system. The only sug- 
gestion made as to the values of the constants G; is that they add to 
one for unit response to a unit step input or that the polynomial be 
divisible by 1 —z to some power for other classes of inputs. 

Starting from a system flow diagram originally proposed by Tou 
in 1957, the author derives the difference equations which will pro- 
duce the desired transfer function. The resulting computational 
volume is claimed to be small, but the program structure, on which 
so much of computational volume and speed depend, is not discussed. 

The author makes it a point to state that the difference equations 
must be stable if the system is to be stable despite the opinions of 
“certain authors” to the contrary. The certain authors are not ident- 
ee but their opinions are not generally held, in this country at 
east. 
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The behavior of an experimental system using an over-all transfer 
function 


0.22 + 0.222 + 0.223 + 0.224 + 0.22° 


is described without going into detail. 

One other point deserves mention. The article contains an equa- 
tion, incorrectly stated, unfortunately, for the z-transform of the 
tandem combination of a plant and zero-order hold. It is a useful idea, 
and has not been noticed elsewhere by the reviewer. 

In conclusion, this article does not appear to be particularly 
valuable in the light of contributions made in prior publications. 

ALBERT HOPKINS 
Instrumentation Lab. 
Mass. Inst. Tech, 
Cambridge, Mass. 


F. ANALOG SYSTEMS 


R61-138 Survey and Classification of Multiplying Devices—A. A. 
Masalov. (Automation and Remote Control [Avtomatika 1 Telemkhan- 
tka], vol. 21, pp. 1000-1051; April, 1961.) 


The author gives a review of all the commonly known electronic 
means of multiplication. The paper is largely tutorial in style since’no 
design or circuit details are included. It does, however, contain 
analysis pertaining to the errors of some of the multiplying methods. 
From the content it appears that the majority of the multipliers have 
been constructed and tested by the author. Numerous numerical 
results concerning accuracy and bandwidth are quoted. However, 
no details beyond simple block diagrams are provided. A comparative 
table of multiplier characteristics is included. This covers the entire 
range from very accurate narrow-band to moderately accurate wide- 
band multipliers. 

In the conclusion it is stated that an accurate broad-band multi- 
plier cannot be realized utilizing any single principle. It is suggested 
that combinations of different methods could be used. However, 
these combined multipliers are not discussed. 

Erik V. Bown, 
The University of 
British Columbia 
Vancouver, B. C. 
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0. GENERAL 


1635 

The State of Digital Computer Technology 
in Europe by N. M. Blachman (Sylvania); 
Commun. Assoc. Comp. Mach., vol. 4, pp. 
256-265; June, 1961. 

A general survey of the state of the com- 
puter art in Europe and the Middle East is 
presented, with emphasis on the countries 
whose work is less known. Striking differences 
between the European and American com- 
puter scenes are the small number of people 
involved in Europe, the greater emphasis on 
wired-in subroutines, and the use of large 
numbers of bits in instruction codes. 


Bionics Symposium Held in Dayton, Ohio, 
13-15 September 1960—-see 1700. 


A Bibliographical Sketch of All-Magnetic 
Logic Schemes—see 1666. 


Logic Circuits Using Square-Loop Magnetic 
Devices: A Survey—see 1662. 


1636 

Operational Compatibility of Systems-Con- 
ventions; Commun. Assoc. Comp. Mach., 
vol. 4, pp. 266-267; June, 1961. 

A list of conventions proposed by the 
General Standards Committee of SHARE 
for programming systems with a view to 
minimizing machine set-up time is set forth. 
Suggestions proposed are that all program- 
ming systems be writen as subroutines, that 
input-output unit assignments be parame- 
ters of the calling sequence for a system call, 
that minimum supervisory routines be pro- 
vided, and that all input-output functions be 
isolated and subroutinized. 


1. LOGIC AND SWITCHING THEORY 


A Straightforward Way of Generating All 
Boolean Functions of N Variables Using a 
Single Magnetic Circuit—see 1668. 


Codes based on Switching Functions and 
their Application in Practical Coding Meth- 
ods—-see 1744. 


1637 
A Generalization of a Theorem of Quine for 
Simplifying Truth Functions by J. T. Chu 
(RCA); IRE Trans. on ELECTRONIC Com- 
puters, vol. EC-10, pp. 165-168; June, 
1961. 

A method of Quine for identifying the core 
prime implicants of a given truth function, 
without obtaining all its prime implicants, is 
generalized under the so-called “don’t care” 
conditions. It is shown that the method is 
equivalent to, and sometimes an improve- 
ment of, a result of Roth. When all the prime 
implicants (under the don’t care conditions) 
of a truth function are given, the method be- 
comes a generalization of a result of Ghazala 
and is equivalent to another result of Roth. 
It is also pointed out that the method may 
be used, in a way similar to Roth’s, for sim- 
plifying truth functions. 


1638 
Detection of Disjuncts of Switching Func- 
tions and Multi-Level Circuit Design by 
A. Mukhopadhyay (University of Calcutta); 
J. Electronics Control, vol. 10, pp. 45-55; 
January, 1961. 

A method for the detection of component 
functions of fewer number of variables, the 
disjunction of which forms a given switching 
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function, is described. The multilevel elec- 
tronic circuit synthesized from the compo- 
nent functions yields better economy in 
several cases, with regard to the number of 
logical circuit elements, than when the same 
function is synthesized from the “minimal” 

two-stage forms. 


1639 
Synthesis of Threshold Logic Combina- 
torial Networks by L. Dadda (Electronic 
and Polytechnic Inst. of Milan); Alta Fre- 
quenza, vol. 30, pp. 224-231; March, 1961. 
The problem of synthesizing arbitrarily 
assigned switching functions using only 
threshold elements is considered. Elemen- 
tary threshold functions, 7.e., functions that 
can be implemented by a single threshold 
circuit, are first characterized for the cases 
of 2, 3, and 4 variables. Two methods are 
then illustrated for the synthesis of non- 
elementary functions, and the results for the 
primitive functions of the symmetry classes 
of 2 and 3 variables are given. 


1640 

Minimal Characterizing Experiments for 
Finite Memory Automata by J. E. Mezei 
(IBM); IRE Trans., on ELECTRONIC Com- 
PUTERS (Correspondence), vol. EC-10, p. 
288; June, 1961. 

It is shown that the cyclic minimal ex- 
periments for the study of automata of mem- 
ory M may be read off directly from the 
transition diagram of the Moore model for 
the maximal automation of memory M as 
the sequences of input symbols associated 
with the arrows of directed, minimal closed 
paths that traverse all the nodes. 


1641 

Symbolic Logic and Automata by R. Mc- 
Naughton (University of Pennsylvania); 
U. S. Govt. Res. Repts., vol. 35, p. 601(A); 
May 16, 1961. PB 171 548 (order from OTS 
$1.00). 

Certain languages of symbolic logic for 
the description of the behavior of finite au- 
tomata are presented. The conditions under 
which a formula of these languages describes 
the behavior of an automaton are discussed 
in detail and a synthesis algorithm which 
constructs a state graph for an automaton 
given a formula that describes the automa- 
ton is presented. Some unsolved problems 
concerning these languages are listed. 


1642 

On the State Assignment Problem for 
Sequential Machines. I. by J. Hartmanis 
(GE Res. Lab.); IRE Trans. on ELEc- 
TRONIC Computers, vol. EC-10, pp. 157- 
165; June, 1961. 

Determination of economical state as- 
signments for finite-state sequential ma- 
chines is studied. The fundamental idea is to 
make a selection such that each binary vari- 
able describing the new state depends on as 
few variables of the old state as possible. In 
general, variable assignments in which the 
dependence is reduced yield more economi- 
cal implementation for the sequential ma- 
chine than other assignments. The main 
tool used is the partition with the substitu- 
tion property on the sets of states of a se- 
quential machine. It is shown that the exist- 
ence of assignments with reduced depend- 
ence is very closely connected with the exist- 
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ence of partitions with the substitution 
property on the set of states of the machine. 
It is shown how to determine these partitions 
for a given sequential machine and how they 
can be used to obtain assignments with re- 
duced dependence. 


2. DIGITAL COMPUTERS AND 
SYSTEMS 


1643 

The Design and Simulation of an Informa- 
tion Processing System by H. M. Gurk and 
J. Minker (RCA); J. Assoc. Comp. Mach., 
vol. 8, pp. 260-270; April, 1961. 

The development of a natural language 
processing system with high input rate and 
special requirements is described. These re- 
quirements include not only interpretation, 
storage, and retrieval of data but also logical 
processing, correlation, and combination of 
data to produce a modified body of informa- 
tion for retrieval and analysis. Simulation of 
parts of the system confirms its feasibility as 
well as the enormous programming effort 
and improved means of handling input and 
output facilities required. Much more so- 
phisticated file organzation is also necessary 
to structure the information and yet allow 
for the integration of all related data. 


1644 

Irreversibility and Heat Generation in the 
Computing Process by R. Landauer (IBM); 
IBM J. Res. & Dev., vol. 5, pp. 183-191; 
July, 1961. 

It is argued that computing machines in- 
evitably involve devices which perform logi- 
cal functions that do not have a single- 
valued inverse. The logical irreversibility is 
associated with physical irreversibility and 
requires a minimal heat generation per ma- 
chine cycle, typically of the order of kT for 
each irreversible function. This dissipation 
serves the purpose of standardizing signals 
and making them independent of their exact 
logical history. Two simple but representa- 
tive models of bistable devices are subjected 
to a more detailed analysis of switching 
kinetics to yield the relationship between 
speed and energy dissipation, and to esti- 
mate the effects of errors induced by thermal 
fluctuations. 


1645 

Logic Structure Tables by H. N. Cantrell, 
J. King, and F. E. H. King (GE); Commun. 
Assoc. Comp. Mach., vol. 4, pp. 272-275; 
June, 1961. 

A set of rules for writing and using logic 
structure tables in logical design is explained 
by means of simple examples. The logic struc- 
ture of a vending machine using two-dimen- 
sional tables is presented. The two-dimen- 
sional nature of the logic tables enables the 
full expression of both the sequential and 
parallel aspects of logic. Tables can be com- 
piled directly by computer programs, thus 
eliminating the need for flow charting and 
hand coding. 


1646 

Graphical Manipulation Techniques Using 
the Lincoln TX-2 Computer by H. H. 
Loomis, Jr. (Lincoln Lab.); U.S. Govt. Res. 
Repts., vol. 35, p. 601 (A); May 16, 1961. 
PB 153 485 (order from LC mi$2.70, 
ph$4.80). 
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The results of an investigation into the 
use of a computer-controlled oscilloscope dis- 
play for graphical manipulation, including 
symbol drawing and positioning of symbols 
to form a drawing, are reported. The struc- 
ture and operation of a program to draw 
symbols and to use these symbols for the 
construction of a drawing are discussed. 
Finally, the type of program which would 
aid the designer in his logical circuit design- 
ing by preparing and filing the drawings and 
analyzing the circuits for such items as signal 
delays and unit loading factors is briefly 
considered. 


(1647 

A Divisionless Method of Integer Conver- 
sion by W. K. Clarkson and B. M. Prince 
(Ramo Wooldridge); Commun. Assoc. Comp. 
Mach., vol. 4, pp. 315-316; July, 1961. 

A simple divisionless method for convert- 
ing from base 2; integers to base by integers 
using base 6; arithmetic is described. The 
method stops automatically when the last 
b, digit has been processed. It may be used 
for any bases and any computer word length. 
The method is to approximate d= 1/bs in the 
base b; number system, form the Entire 
function [Nd] (where N is the number being 
converted), and compute r=N—[Nd]bo. If 
7 <b», then the first digit #»=r; but if r>d», 
then m»=r—bs. N may be processed itera- 
tively digit by digit. 


1648 

Division and Square Root in the Quater 

Imaginary Number System by M. Nadler 

(Cie. des Machines Bull.); Commun. Assoc. 

_ Comp. Mach., vol. 4, pp. 192-193; April, 
1961. 

The quater imaginary system is one 
whose base is (22). Iterative methods for 
finding the reciprocal and the square root of 
a number expressed in this system are de- 
veloped. The first procedure consists in find- 
ing a series of factors b; such that drb;—1. 
Then 7b;—-d—. Similarly, if a series of factors 
b; is such that dx(b;?)—1, then xb;>d-1/? 
and dxb;—d!!®. 


1649 
Reducing Computing Time for Synchronous 
Binary Division by R. G. Saltman (Sperry 
Gyroscope); IRE TRANS. ON ELECTRONIC 
Computers, vol. EC-10, pp. 169-174; June, 
1961. 

A method of shortening the computing 
~ time for binary division by performing divi- 
sion radix 2? on the binary operands, where 
p is a positive integer, is described. Each 
quotient digit radix 2” is computed in almost 
the same time required to determine a 
binary quotient digit. Therefore, computing 
time is reduced by approximately the factor 
p over conventional binary division. The 
method is most useful for synchronous ma- 
chines, but can be applied to either serial or 
parallel operation. The theory of nonrestor- 
ing division in any integral radix 7 is dis- 
cussed. Each quotient digit is considered as 
the sum of two recursive variables a; and be, 
whose values depend on the divisor multi- 
plier and relative signs of the partial re- 
mainders. The divisor multiplier is limited 
to odd integers in order to determine the 
quotient digit unamibiguously. Using ak and 
by, a single recursive equation combining all 
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sign conditions is derived. This permits the 
derivation of the correct round-off procedure 
and shows that binary nonrestoring division 


is a particular case of nonrestoring division. 


radix r. An arrangement of components for 
a serial computer and a sample division for 
radix four are given. 


1650 

Programmed Error Correction on a Decimal 
Computer by G. M. Weinberg (IBM); Com- 
mun. Assoc. Comp. Mach., vol. 4, pp. 174- 
175; April, 1961. 

A generalization of programmed Ham- 
ming single-error correction to apply to a 
decimal machine is described. Check char- 
acters are aligned exactly as in the Hamming 
scheme, except that the check characters are 
now formed by taking the 10’s complement 
of the modulo ten sum of the appropriate in- 
formation digits. If, after transmission, the 
recalculated check sums are all zeros, the 
message is accepted as correct. If one check 
sum is nonzero, it has a single error. More 
than one equal nonzero check sums deter- 
mine the size and position of the error. Mul- 
tiple unequal nonzero check sums indicate a 
multiple error. 


1651 
Two-Dimensional Parity Checking by P. 
Calingaert (Harvard University); J. Assoc. 
Comp. Mach., vol. 8, pp. 186-200; April, 
1961. 

Methods of error-correcting involving 
two-dimensional parity checking are dis- 
cussed. The main area of practical applica- 
tion for these methods is magnetic tape sys- 
tems. It is shown that the minimum distance 
D between two logical matrices is equal to 
d,d,, where d, is the minimum distance be- 
tween any two rows and d, the minimum 
distance between any two columns of the 
matrices. Parallel decoding using row and 
column parities simultaneously avoids cer- 
tain erroneous corrections, but has the dis- 
advantages that no corrective action can be 
taken until all parity checks have been per- 
formed, and that correction depends in a 
complex manner on the individual checks. 
Serial decoding is simpler and methods of 
compensating for erroneous checking are de- 
scribed. Procedures for selecting array sizes 
that give a minimum redundancy for a given 
reliability are derived. Utilization of the 
two-dimensional structure permits the cor- 
rection of nearly d?/4 simultaneous errors 
with circuitry that individually corrects only 
about d/2 errors. 


1652 

Improvement of Electronic Computer Reli- 
ability Through the Use of Redundancy by 
J. Tierney and R. Wasserman (Hermes 
Electronics); U. S. Govt. Res. Repts., vol. 35, 
p. 765(A); June 16, 1961. PB 154 087 (order 
from LC mi$3.00, ph$6.30). 

Use of a “majority” type of redundant 
design to improve the reliability of complex 
digital systems is discussed. The systems 
considered operate under the following con- 
ditions: 1) The operating interval is suf- 
ficiently long or the system is so complex 
that the probability of successful operation 
js less than that called for by the application. 
2) The system is unserviceable during the 
pertinent time interval for economic, physi- 
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cal, or strategic reasons. 3) Equipment cost 
and size are of secondary design importance 
(although order of magnitude increases are 
certainly undesirable). 


1653 

Application of Boolean Notation to the 
Maintenance of Switching Circuits by S. 
Alexander (English Elect.); Electronic En- 
grg., vol. 33, pp. 372-374; June, 1961. 

A method for the notation of switching 
circuits is proposed with special regard to its 
application in the drawing up of test and 
maintenance schedules. The system is based 
on Boolean algebra, which is already used 
extensively for the design of switching cir- 
cuits. Several examples including a sample 
“test schedule” are given. 


1654 

The RCA 601 by K. Kezarsky and A. 
Mendelsohn (RCA); Commun. Assoc. Comp. 
Mach., vol. 4, pp. 197-199; April, 1961. 

The main operating characteristics of the 
RCA 601 system are described. Emanating 
from a central computer with 8192 56-bit 
words of 1.5-usec storage are three channels 
—input-output, storage, and control. These 
channels provide standard interfaces to the 
devices with which they communicate, thus 
facilitating the addition of new modules. The 
central unit also provides decimal and bi- 
nary arithmetic and means for handling a 
variety of character sizes. The status of all 
current input-output operations is main- 
tained in the memory by tables accessible 
both to the programmer and to automatic 
controls. Flexible instruction length and 
housekeeping arrangements also contribute 
to system versatility. 


1655 
The Philips Computer PASCAL by H. J. 
Heijn and J. C. Selman (N. V. Philips); 
IRE Trans. ON ELECTRONIC COMPUTERS, 
vol. EC-10, pp. 175-183; June, 1961. 
PASCAL, a binary parallel computer 
with a word length of 42 bits, a clock-pulse 
repetition time of 14 usec, performing, on the 
average, 60,000 operations/sec, is described. 
Wired-in floating-point facilities are pro- 
vided. Core storage is backed by a drum and 
by magnetic tape. Modification versions for 
indexing as well as for stepping-up purposes 
are given. Special instructions include count 
and repeat instructions, jumps on the result 
of an earlier comparison, and two kinds of 
link instructions for facilitating the use of 
subroutines and interpretative programs. 
Transfer instructions enable a simultaneous 
bidirectional data flow between drum and 
cores or between tape and cores while com- 
putations are going on. 


1656 

The Evolution of Design in a Series of Com- 
puters, Leo I-III by J. M. M. Pinkerton 
(Leo Computers Ltd.); Computer J., vol. 4, 
pp. 42-46; April, 1961. 

The evolution of design philosophy in the 
Leo computer series from Leo I, a modified 
EDSAC with improved I/O facilities 
through Leo III, a large-scale parallel ma- 
chine with multiprogramming, interrupts, 
independent I/O operations, and other fea- 
tures of modern large-scale data processors, 
is described. Leo I is a serial tube machine 
with small store (2048 words) and no index 


800 


registers. Leo III has a storage access time 
of 6 usec, optional storage protection, check- 
ing of all operations except arithmetic, read- 
only memory controls, wired-in radix con- 
version instructions, and a high degree of 
system modularity. 


A Table Look-Up Machine for Processing 
of Natural Languages—-see 1693. 


1657 

Control Pulse Generation for a Digital 
Differential Analyser by P. L. Owen, M. F. 
Partridge, and T. R. H. Sizer (Royal Air- 
craft Estab.); Electronic Engrg., vol. 33, pp. 
364-371; June, 1961. 

The generation of control pulses for a 
serially operated transistorized digital differ- 
ential analyzer, CORSAIR, is discussed. 
Control pulses are needed in a serial digital 
computer to identify the word period and 
the digit period within a word, and to pro- 
vide synchronized control signals. In 
CORSAIR, six discrete groups of pulses 
A, D, E, F, P, and p are needed. The A, EZ, 
and F pulses define the individual word and 
the D pulses define the increments. The fre- 
quency of the E pulses is 1/10 that of the P 
pulses, and the frequency of the F pulses is 
1/5 that of the E pulses. The A pulses, which 
define the individual word and are desig- 
nated A;, Az,--:-, Aso, are formed by 
combining the appropriate — and F pulses. 
The P pulses define the individual digit pe- 
riod within each word and are designated 
P,, Po, +++, Poo. Each P pulse is further 
divided into 4 p pulses pi, po, ps, ps, because 
the majority of the logical operations in the 
computer occurring within the duration of 
one P pulse fall into a four-part rhythm. 
There are: 1) clear destination, 2) transfer, 
3) clear source, and 4) refill. 


1658 

Design and Applications of a Digital Differ- 
ential Analyser by D. Lamb (Weapons 
Res. Estab.); Proc. IRE Australia, vol. 22, 
pp. 243-249; April, 1961. 

The simulation of some control and 
physical systems requires greater accuracy 
than that offered by the operational units of 
an analog computer, and greater bandwidth 
than the speed of computation of most 
general-purpose digital computers permits. 
A suitable design for a digital differential 
analyzer (DDA) to fulfill these requirements 
of bandwidth and accuracy is considered. 
The variation of the accuracy of computa- 
tion for a given word length with the nature 
of the transfer of information between in- 
tegrators, and with the integration rule em- 
ployed, is discussed. In particular, a simple 
method of ternary transfer of information, 
and a mode of integration which has not pre- 
viously been employed, are described. Some 
applications to which the properties of the 
DDA are particularly suited are considered. 


3. DEVICES AND BASIC LOGIC AND 
WAVEFORMING CIRCUITS 

1659 
Step-by-Step Design Techniques for Multi- 
layer Thin-Film Networks by W. W. 
Carroll and F. F. Jenny (IBM); Electronics, 
vol. 34, pp. 90-93; May 19, 1961. 

A technique of fabricating multilayer 
thin-film passive networks is described. The 
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operational performance of these thin-film 
networks is determined and compared with 
that of conventional networks. Glass 
0.020-in thick is used as substrate material. 
‘Aluminum is chosen for conductor, nichrome 
for resistor, and silicon monoxide for dielec- 
tric and insulation material. Wire leads are 
thermocompression bonded to the film- 
interconnecting tabs. The results of en- 
vironmental tests of several hundred circuits 
are also included. 


Cold-Cathode Tube Circuits for Automa- 
tion—see 1789. 


1660 
Esaki Diode NOT-OR Logic Circuits by 
H. S. Yourke, S. A. Butler, and W. G. 
Strohm (IBM); IRE Trans. ON ELECTRONIC 
Computers, vol. EC-10, pp. 183-190; June, 
1961. 

A basic technique for the development 
of Esaki diode NOT-OR logic circuits is pre- 
sented. Two embodiments of the basic 
scheme which provide a logically complete 
system when combined with an OR-DELAY 
circuit are discussed. Emphasis is placed on 
the more economical of the two embodi- 
ments. A tolerance analysis which demon- 
strates that the technique enables the prac- 
tical design of logic circuits is included. The 
requirements placed on Esaki diode charac- 
teristics and the speed limitations of the cir- 
cuits are discussed. Examples of working 
circuits, including photographs of voltage 
wave shapes, are shown. 


High-Speed Analog-to-Diginal Converters 
Utilizing Tunnel Diodes—see 1768. 


1661 

Millimicrosecond Digital Computer Logic by 
N. F. Moody and R. G. Harrison (Def. Res. 
Board of Canada); Electronic Engrg., vol. 
31, pp. 526-529; September, 1959. 

A transistorized system of fast pulse logic 
that combines the efficiency of transformer 
coupled stages with digit delay tolerances 
approaching that of dc coupled systems is 
described. Logical circuits for OR, AND, 
INVERTOR, and RECLOCK and a driver 
which permits a “fan out” factor of 5 are 
described. 


1662 

Logic Circuits Using Square-Loop Mag- 
netic Devices: A Survey by J. L. Haynes 
(Precision Instrument Co.); IRE Trans. 
on ELEcTronic Computers, vol." EC-10, 
pp. 191-203; June, 1961. 

A capsule view of 24 square-loop mag- 
netic logic circuits which have been pro- 
posed or developed so far, with a brief 
description of the way each circuit or cir- 
cuit family meets the requirements of logic 
circuitry, is presented. All circuits are 
treated with a consistent terminology, and 
the generic relationships among circuits are 
stressed. Included in this survey are parallel 
and series transfer core-diode schemes, 
core-transistor schemes, and _all-magnetic 
schemes of various topologies. 


1663 

The Core Amplifier, A Basic Circuit for 
Electronic Switching Equipment by H. Kok 
(N. V. Philips); Philips Telecommun. Rev., 
vol, 22, pp. 81-93; January, 1961. 


December 


A core amplifier, consisting of a transis- 
tor and a ferrite core assembly, is described. 
The principle and design of this storage and 
switching element are discussed, and vari- 
ous applications in logical circuits such as 
counting circuits, code converters, and cir- 
cuits for matrix control are considered. 
Finally, a method for the supervision of 
logical circuits made up of core amplifiers is 
discussed. 


1664 

Design of an All-Magnetic Computing Sys- 
tem: Part I—Circuit Design by H. D. Crane 
and E. K. Van De Riet (Stanford Res. Inst.); 
IRE TRANS. ON ELECTRONIC COMPUTERS, 
vol. EC-10, pp. 207-220; June, 1961. 

The circuits used in a decimal arithmetic 
unit which utilizes ferrite magnetic elements 
and copper conductors only are described. 
The arithmetic operations of addition, sub- 
traction, and multiplication are performed 
with a product and sum capacity of three 
decimal digits. The sole logical building 
block of this system is a two-input inclusive- 
OR module with a fan-out capability of three 
with any desired positive and negative com- 
bination. The system involves the use of 
some 325 modules, each of which contains 
two magnetic multiaperture devices 
(MAD's). The circuit and physical arrange- 
ment of the machine are described in detail. 
The system is controlled from a manual key- 
board, and readout from the machine is via 
incandescent lamps controlled directly from 
the MAD elements, no intermediate ele- 
ments being required. The “worst case” 
drive-pulse amplitude range for the com- 
pleted machine, varying all clock pulses 
simultaneously, is +10 per cent. 


1665 

Design of an All-Magnetic Computing Sys- 
tem: Part II—Logical Design by H. D. 
Crane (Stanford Res. Inst.); IRE TRaAns. 
ON ELECTRONIC ComPpuTERs, vol. EC-10, 
pp. 221-232; June, 1961. 

A logical design technique for use with 
the particular module developed for an all- 
magnetic computing system is described. 
The detailed properties of this module, as 
well as the philosophy that led to its particu- 
lar form, were covered in Part I (abstract 
1664). Briefly, the module forms the (in- 
clusive) OR function of two input variables. 
This function can subsequently be trans- 
mitted to three receivers, each transfer being 
independently logically positive or negative. 
The readouts are nondestructive and the 
transmitter module must be explicitly 
cleared before reading is again possible. In 
view of the relatively small fan-in and fan- 
out for this module, and since only the OR 
function can be directly formed during any 
single transfer, complex logic functions must 
be formed slowly, a step at a time. This step- 
by-step generation of functions results in the 
need for more modules than might otherwise 
be required, but aside from that, the syn- 
thesis techniques are not very different from 
those of customary logical design. In par- 
ticular, the design of an arithmetic unit for 
decimal addition, subtraction and multi- 
plication is outlined. Some comparisons be- 
tween this particular all-magnetic logic 
scheme and conventional core-diode schemes 
are noted. Comparisons between magnetic 
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logic schemes in general and some other 
realization schemes such as ac-operated 
parametrons and conventional transistor sys- 
tems are also made. 


1666 

A Bibliographical Sketch of All-Magnetic 
Logic Schemes by D. R. Bennion, H. D. 
Crane, and D. C. Engelbart (Stanford Res. 
Inst.); IRE Trans. ON ELECTRONIC Com- 
PUTERS, vol. EC-10, pp. 203-206; June, 
1961. 

An all-magnetic logic scheme is one with 
which a workable digital system could be 
constructed involving only magnetic ele- 
ments, current-carrying conductors, and 
sources of clock pulses. Historical develop- 
ments of both resistance schemes (depend- 
ent upon coupling-loop resistance) and non- 
resistance schemes (possessing at least first- 
order independence of coupling-loop re- 
sistance) are described, with reference to all 
relevant published work known to the 
authors. Included are: 1) schemes using 
electric-circuit transfer linkage with simple 
cores, multipath cores, and thin-film ele- 
ments; and 2) schemes using continuous 
magnetic structures in which transfer link- 
age is purely magnetic. 


1667 

Research on Multi-Aperture Magnetic 
Logic Devices by D. R. Bennion (Stanford 
Res. Inst.); U. S. Govt. Res. Repts., vol. 35, 
p. 767(A); June 16, 1961. PB 148 231 (order 
from LC mi$5.40, ph$15.30). 

Methods for describing and measuring 
the properties (static and dynamic) of mag- 
netic materials, devices, and circuits are pre- 
sented. A new approach to the development 
of practical switching models is introduced, 
for use in the analysis of flux transfer in all- 
magnetic circuits. Various means for realiz- 
ing an OR-NOR logic module with one or 
more multiaperture devices, alone or in con- 
junction with toroids, are discussed. One 
such module makes use of a pair of PLUS- 
MINUS devices (components that can be 
wired for either direct or complementary 
transfer of information). A particular design 
for a device of this type was singled out for 
more detailed study. Ultrasonically fab- 
ricated units were tested individually and in 
operating circuits. Drive current ranges of 
15-45 per cent were obtained for the various 
modes of operation. The device design is 
diagnosed and possibilities for substantial 
improvements are indicated. It is concluded 
that this particular approach to all-mag- 
netic logic is a sound one. 


1668 
A Straightforward Way of Generating all 
Boolean Functions of N Variables Using a 
Single Magnetic Circuit by K. V. Mina and 
E. E. Newhall (Bell Labs.); IRE TRANS. ON 
ELEcTRONIC CompuTers, vol. EC-10, pp. 
151-156; June, 1961. ; 
A correspondence between the topologies 
of relay contact networks and magnetic cir- 
cuits is applied to a relay tree to produce 4 
magnetic structure capable of generating, 1n 
a simple manner, all Boolean functions of V 
variables. The basic magnetic topology may 
be distorted to achieve winding simplicity at 
' the expense of magnetic circuit complexity. 
In the resulting arrangement, the drive, hold 
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(variable), and reset windings are always in 
the same position, regardless of the function 
to be generated. Any one of the 22N functions 
of N variables is generated by linking a 
selected group of the output legs. The struc- 
ture is such that all switching paths are of 
equal length, causing all outputs to be equal 
in amplitude. This balanced arrangement 
also permits the holding MMF to be sig- 
nificantly smaller than the drive MMF. The 
symmetrical holding scheme overcomes 
shuttle flux problems and reduces noise. An 
8-leg manganese-magnesium-zinc _ ferrite 
structure operates easily at a 4-ysec cycle 
time with an output of 500 mv into 5 ohms. 
The peak-signal-to-peak-noise ratio is at 
worst 8:1. A 1-in-256 selector, using 17 16- 
leg structures, is under construction. 


1669 

Thin Film Magnetization Reversal Studies 
by R. L. Conger (Naval Ord. Lab.); U. S. 
Govt. Res. Repts., vol. 35, p. 601(A); May 16, 
1961. PB 150 073 (order from LC mi$2.40, 
ph$3.30). 

The suitability of very thin evaporated 
magnetic alloy films for use in coincident 
current memory devices in high-speed digital 
computers is shown. A method of preparing 
such films is outlined, and two methods of 
utilizing the films in memory devices are 
presented. The process of magnetization re- 
versal in thin films is discussed. 


1670 

Optical Readout for Cryogenic Circuits by 
B. Rabinovici (IBM); Rev. Sci. Instr., vol. 
32, pp. 747-748; June, 1961. 

An optical readout circuit which uses the 
Faraday rotation of the plane of polarization 
of a plane polarized light by a paramagnetic 
medium in a magnetic field to sense digital 
data from a superconducting circuit is de- 
scribed. An optically flat, cerium doped glass 
disk is subjected to a magnetic field by cur- 
rent pulses. A light beam (5400 A) is di- 
rected through a polarizer onto the disk and 
reflected through an analyzer to strike a light 
detector circuit. The polarizer and analyzer 
are Glan-Thompson prisms set 90° out of 
phase with each other. The light detector is 
sensitive to any rotation of the plane of 
polarization caused by the disk. The rota- 
tory power of the disk measured in the visi- 
ble region at 1.8°K was 12°/100 Gauss mm. 


Electroluminescent-Photoconductive Pat- 
tern Recognizer Organizes Itself—see 1706. 


1671 

Transistor Precision Pulse Shaper with 
Short Recovery Time by I. De Lotto (Centro 
Studi Nucleari); Alta Frequenza, vol. 30, pp. 
219-223; March, 1961. 

A pulse shaper with an RC timing net- 
work is discussed, and the influence of tran- 
sistor characteristics on the performance of 
this circuit is analyzed. Some circuit modi- 
fications are suggested for obtaining: 1)a 
pulse-width precision better than 2 per cent 
without the need for individual-adjustments, 
and 2) a pulse-width stability better than 1 
per cent over a 20°C range of temperature. 
The circuit is so designed that the use of 
transistors having low base-emitter inverse 
voltage ratings (such as most of the faster 
types) is allowed. 
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1672 

Reversible Decimal Counters by J. L. Gold- 
berg (CSIRO, Austral.); Electronic Tech., 
vol. 38, pp. 234-245; July, 1961. 

Counters which reverse their direction of 
counting in response to external control sig- 
nals are described. These devices are re- 
quired in the application of optical inter- 
ferometry to the precise measurement of 
length. A four-stage binary counter that 
skips states to yield a decimal count in 
either direction is considered in detail. A 
reversible bi-quinary counter realized by 
interposing transfer gates between a binary 
stage and a five-element ring counter is also 
discussed. Both types of counter are con- 
structed from three basic circuit elements 
using junction transistors and diodes. 


1673 
Analysis of a Crossed-Film Cryotron Shift 
Register by H. H. Edwards, V. L. New- 
house, and J. W. Bremer (GE); IRE Trans. 
ON ELECTRONIC COMPUTERS (Correspond- 
ence), vol. EC-10, pp. 285-287; June, 1961. 
A crossed-film cryotron shift register 
mode requiring four loops per bit and two 
advance and two reset current sources is de- 
scribed. The criteria of operation are an- 
alyzed and a graphical solution for the equi- 
librium stored current is presented. The cal- 
culated highest speed of operation of the 
shift register corresponds to an information 
rate of just under 300 kc. Experimentally, 
the circuit can function perfectly at a rate of 
140 kc. 


4. STORAGE AND INPUT-OUTPUT 


1674 

Magnetic Cores, Characteristics and Appli- 
cations by R. Stuart-Williams (Ampex Com- 
puter Products Co.); Automatic Control, vol. 
15, pp. 37-43; July, 1961. 

A general description of magnetic-core 
storage units is presented. The units are di- 
vided into general- and _ special-purpose 
classes, and information relative to both 
classes is given. Detailed descriptions of the 
operation of a typical buffer storage unit and 
a typical random-access storage unit are 
presented. 


1675 

Serial Matrix Storage Systems by M. Leh- 
man (Israel Ministry Def.); IRE TRANS. ON 
ELEcTRONIC Computers, vol. EC-10, pp. 
247-252; June, 1961. 

Coincident-current techniques, usually 
associated with parallel ferrite-core stores, 
may also be used for the operation of serio- 
parallel or purely serial memories. Coinci- 
dence is established in the memory matrix 
between two currents representing an ad- 
dress signal and a time signal, respectively. 
The conditions under which such a store is 
economically justified are examined. It is 
shown how the properties of the time- 
controlled series store suggest adoption of a 
word-asynchronous design for serial digital 
computers, and facilitate the incorporation 
into small serial computers of autonomous 
transfers, automatic floating point opera- 
tions, high-speed multiplication, division 
and shift orders, and asynchronous transfers 
between, ».g., a high-speed store and a mag- 
netic drum. 
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1676 
A Magnetic Associative Memory by J. R. 
Kiseda, H. E. Peterson, W. C. Seelback, and 
M. Teig (IBM); IBM J. Res. & Dev., vol. 5, 
pp. 106-121; April, 1961. ee, 
The general principles of an associative 
memory in which data are identified by con- 
tent, partial or complete, rather than ad- 
dress, are described. A magnetic-core 
realization of an associative memory in 
which data can be identified conventionally 
as well as associatively is explained. Mem- 
ories as large as 4000 72-bit words with a 
10-Mc search are feasible using the organi- 
zation developed. 


1677 

Matrix Switch and Drive System for a Low- 
Cost Magnetic-Core Memory by W. A. 
Christopherson (IBM); IRE TRANs. ON 
ELECTRONIC CoMPUTERS, vol. EC-10, pp. 
238-246; June, 1961. 

A system of ferrite-core matrix switches 
and drivers for a low-cost magnetic-core 
memory is reported. The memory uses co- 
incident-current techniques and has a ca- 
pacity of 10,000 characters with seven bits 
per character. A 20-ysec read-compute-write 
cycle features serial-by-character processing. 
Computing time is approximately 7 usec, 
and read-write time is 13 usec. The matrix 
switch requires only two sets of five drivers 
to select one out of 100 individual outputs. 
The drivers operate in an unusual three-out- 
of-five coding arrangement. A Set and a Re- 
set driver, each using four transistors in 
parallel, are also required for the matrix 
switch. Two matrix switches provide the 
200 X-Y half-select drives for a 100X100 
seven-plane core array. At read time, two 
half-select current pulses of 250-300 ma are 
emitted with an effective 10-90 per cent rise 
time of 0.3 usec. At write time, half-select 
current pulses with 1.2 usec rise time are 
emitted on the same selected lines, but in the 
opposite direction. A new method of timing 
the drive current allows the read pulse to 
rise in 0.3 psec, even with a low-voltage 
power supply and an inductive load that 
would otherwise limit the rise time to 0.8 
usec. All current-driving circuits use alloy, 
junction transistors. The drive current is 
furnished from a 10-12-v power supply, and 
temperature compensation of the drive cur- 
rents is accomplishea through control of 
power-supply voltage. Operating tempera- 
tures range from 10°C to 40°C, 


1678 

A 0.7 Microsecond Ferrite Core Memory by 
W. H. Rhodes, L. A. Russell, F. E. Sakalay, 
and R. M. Whalen (IBM); JBM J. Rex. & 
Dev., vol. 5, pp. 174-182; July, 1961. 

The design and performance of a low- 
power, high-speed magnetic-core memory 
are described. A two-dimensional array or- 
ganization and partial switching of toroidal 
cores were employed. The drive system fea- 
tures a combination of a current-steering 
diode matrix and a load-sharing magnetic 
switch. The operating memory has a storage 
capacity of 73,728 bits and executes in- 
structions reliably up to a repetition rate of 
1.47 Mc. The discussion includes a descrip- 
tion of the organization, the series-parallel 
delay line clock, the control of critical timing 
pulses, and the actual measured performance. 
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1679 

A 2.18-Microsecond Megabit Core Storage 
Unit by C. A. Allen, G. D. Bruce, and E. D. 
Council (IBM); IRE Trans. ON ELEc- 
TRONIC Computers, vol. EC-10, pp. 233- 
237; June, 1961. 

A magnetic-core memory having a read- 
write cycle time of 2.18 wsec, an access time 
of 1 psec, and a storage capacity of 1,179,648 
bits is described. The array configuration 
and the design of the driving system are 
shown. The core and transistor require- 
ments are discussed, and the sensing and the 
driving circuitry are described. Design fac- 
tors which governed the choice of the three- 
dimensional system organization are pre- 
sented. 


Thin Film Magnetization Reversal Studies 
—see 1669. 


1680 

Static Reading of Magnetically Stored Digi- 
tal Information by S. M. Rubens (Engrg. 
Res. Associates); U. S. Govt. Res. Repts., vol. 
35, p. 571(A); May 16, 1961. PB 154 747 
(order from LC mi$3.00, ph$6.30). 

It is demonstrated that the harmonically- 
variable reluctometer type of static reading 
device can be used satisfactorily to read 
magnetically-recorded binary digital infor- 
mation. With the circuits described, the de- 
vice operates successfully and reliably for 
reading in contact records of 100 bits/in or 
less (recorded in contact) as long as the 
equipment is in continual readiness for use. 


The Design and Simulation of an Informa- 
tion Processing System—-see 1643. 


1681 
Panel Displays Real-Time or Programmed 
Data; Electronics, vol. 34, p. 68; May 26, 
1961. 

A display panel comprised of miniature 
bistable electromechanical reflective ele- 
ments is described. The panel can be digi- 
tally controlled by real-time or programmed 
data. The basic elements of the display panel 
are reflectors which are mounted on pivots so 
that they can be driven between two stable 
positions. At one position, light from the 
source is reflected toward the viewer, and at 
the other position, it is reflected back toward 
the source. Thus, either white or black is dis- 
played. These reflectors are mounted in a 
matrix similar to that used in computer core 
memories and are driven in the matrix by an 
X and Y coordinate drive circuit. Color dis- 
plays are produced by operating the reflec- 
tors in groups of three representing the 
primary additive colors: red, blue and green. 


Graphical Manipulation Techniques Using 
the Lincoln TX-2 Computer—see 1646. 


5. PROGRAMMING AND CODING 


1682 
Problems Solved on High-Speed Computing 
Equipment of the Applied Mathematics 
Laboratory by H. Smith and L. Acton 
(David Taylor Model Basin); U. S. Govt. 
Res. Repts., vol. 35, p. 765(A); June 16, 1961. 
PB 155 578 (order from LC mi$3.90, 
ph$10.80). 

118 problems that have been _pro- 
grammed for solution on high-speed calcu- 
lating equipment are described. These prob- 
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lems fall into two general categories: naval 
engineering and management data analysis. 


Digital Computer Program for Supereleva- 
tion Cam Design—-see 1790. 


Mathematical Analysis and Digital Com- 
puter Solution of Natural Frequencies and 
Normal Modes of Vibration for a Compound 
Isolation Mounting System—see 1760. 


1683 

Further Survey of Punched Card Codes by 
H. McG. Ross (Ferranti Ltd.); Commun. 
Assoc. Comp. Mach., vol. 4, pp. 182-183; 
April 1961. 

A tabulation of the card codes of the lead- 
ing European manufacturers is presented. In 
some codes, special features such as handling 
shillings and pence or representing non- 
printed accounting zeros are provided for. 
This table supplements a previous survey of 
American codes. (“Survey of Punched 
Card Codes,” by Smith and Williams, Com- 
mun. Assoc. Comp. Mach., p. 638; December, 
1960. ) 


Design of an Improved Transmission Data 
Processing Code—see 1745. 


On the Compilation of Subscripted Variables 
—see 1686. 


Operational Compatibility of Systems-Con- 
ventions—see 1636. 


1684 

ALGOL 60 Confidential by D. E. Knuth 
(Calif. Inst. Tech.) and J. N. Merner (Bur- 
roughs Corp.); Commun. Assoc. Comp. 
Mach., vol. 4, pp. 268-272; June, 1961. 

The greatly increased generality of 
ALGOL compared with earlier problem- 
oriented languages results in greater flexibil- 
ity and also unsuspected traps. So many 
restrictions have been removed that tech- 
nical details arise that are hard to learn and 
use correctly. Some of these more obscure 
features of ALGOL are considered and their 
usefulness is discussed. 


The Use of Pegasus Autocode in Some Ex- 
perimental Business Applications of Com- 
puters—see 1796. 


1685 

System Handling of Functional Operators 
by L. Lombardi (University of California); 
J. Assoc. Comp. Mach., vol. 8, pp. 168-185; 
April, 1961. 


The development of a programming lan- 
guage, in the form of an extended Fortran, 
that is capable of handling functional opera- 
tors defined independently of their operands 
(e.g., integrals whose integrand function is a 
dummy), is described. The process by which 
such operators are called is illustrated in 
several flow diagrams. An example of a 
library operator that provides for a pro- 
gramming procedure for evaluating an inte- 
gral with a dummy integrand is given. Once 
the integrand is specified, the procedure is 
translatable into Fortran statements. In this 
way, the evaluation of functions which can- 
not be defined by simple arithmetic state- 
ments may easily be programmed. 


1686 
On the Compilation of Subscripted Variables 
by R. E. Nather (General Dynamics Corp.); 


1961 


Commun. Assoc. Comp. Mach., vol. 4, pp. 
169-170; April, 1961. 

A method of evaluating subscripted vari- 
ables by complete evaluation of the storage 
mapping function is described. Such a 
method is too time-consuming for a machine 
with built-in floating point. However, on a 
machine such as the RPC 4000, with pro- 
grammed floating point, the time penalty is 
not prohibitive and the method results in 
the advantages that subscripted variables 
may have any number of dimensions, any 
arithmetic expression may be used as a sub- 
script, and subscripting expressions may 


_ themselves contain subscripted variables. 


1687 


-An Algorithm for Equivalence Declarations 


by B. W. Arden, B. A. Galler, and R. M. 
Graham (University of Michigan); Com- 
mun. Assoc. Comp. Mach., vol. 4, pp. 310- 
314; July, 1961.) 

An algorithm for handling declarations 
of equivalence of array names in algebraic 
compilers and for assigning the same storage 
locations to equivalent items is described. 
The strategy is to handle one equivalence 
class of array names at a time. Each equiv- 
alence class is built up by a chaining tech- 
nique and assigned a storage area. The pro- 
cedure is clarified by a specific example. 


1688 

Compiling Techniques for Algebraic Expres- 
sions by H. D. Huskey (University of Cali- 
fornia); Computer J., vol. 4, pp. 10-19; 
April, 1961. 

A compiling technique for translating 
from an algorithmic language to an object 
language in one pass by translating formulas 
from left to right is described in detail. Both 
source language and object language are 
highly systematized. Functions of only one 
variable are catered to, but the system is 
easily extended to cover multivariate func- 
tions. Subscripted variables and subroutines 
are handled in a natural and straightforward 
manner. Tables are used extensively. 


1689 

A Flexible and Inexpensive Method of 
Monitoring Program Execution in a Digital 
Computer by F. F. Tsui (Tech. Hochsch., 


Munich); IRE TrANs. ON ELECTRONIC 
ComruTers, vol. EC-10, pp. 253-259; 
June, 1961. 


A method of monitoring the program exe- 
cution in a digital computer on the basis of 
the flow diagram of the computing program 
is described. A comparatively low-cost equip- 
ment for monitoring a maximum of 64 boxes 
in a flow diagram has been constructed. The 
monitoring method can be used in connec- 
tion with relative or symbolic addresses, 
compilers, etc. The user must provide only a 
flow diagram drawn on translucent paper 1n 
a certain form and the information to corre- 
late this diagram with the computing pro- 


_ gram. A subroutine modifies the computing 


program as needed for the monitoring pur- 
poses and restores it to its original form 
when the user so desires. The monitoring 1n- 
troduces only a very small increase in com- 


_ puting time, requiring for each call-up of a 


box in the flow diagram a time amiousiting to 
only that needed for two simple uncondi- 
tional jumps. The monitor can be used to 
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present a visual dynamic picture of the 
progress of the program during the compu- 
tation and to register, on occurrence, the 
whereabouts of an interruption, thus facili- 
tating the tracing of the error. 


Analysis of a Basic Queuing Problem Aris- 
ing in Computer Systems—see 1741. 


1690 

Information Sorting in the Application of 
Electronic Digital Computers to Business 
Operations by H. H. Seward (Mass. Inst. 
Tech.); U. S. Govt. Res. Repts., vol. 35, p. 
765(A); June 16, 1961. PB 155 376 (order 
from LC mi$3.90, ph$10.80.) 

Digital sorting and sorting by merging 
are examined. In the majority of cases, sort- 
ing may be achieved most economically with 
punched-card machines or magnetic-tape 
devices. In a system incorporating a general- 
purpose computing element, it is generally 
faster and more economical to use special- 
purpose sorting equipment. For applications 
involving large amounts of information and 
requiring rapid sorting, high-speed, high- 
density photographic storage may be prac- 
tical. However, the processing time of the 
photographic medium should not be more 
than several seconds, and the information 
should be of such volume that the processing 
time is not significantly large in comparison 
with the total read-record time. 


1691 

Table Look-At Techniques by P. M. Sher- 
man (Bell Telephone Labs.); Commun. As- 
soc. Comp. Mach., vol. 4, pp. 172-173; 175; 
April, 1961. 

A table look-at technique, the basis of 
which consists of two steps, placing an argu- 
ment in an index register and then operating 
on the contents of an address modified by 
that register, is described. The method com- 
pares favorably with table look-up in that 
only one reference to the table is made. How- 
ever, empty words of storage corresponding 
to nonexistent values of the argument are 
interspersed in the table. Typical applica- 
tions are integer conversion, multiple trans- 
fer of control, and certain types of sorting. 
The technique can be extended to tables of 
more than one dimension, 


6. FORMAL AND NATURAL LAN- 
GUAGES, INFORMATION RE- 
TRIEVAL, AND HUMANITIES 


1692 

Atoms and Lists by P. M. Woodward and 
D. P. Jenkins (Royal Radar Estab.); Com- 
puter J., vol. 4, pp. 47-53; April, 1961. 

A straightforward exposition of Mc- 
Carthy’s LISP programming system to- 
gether with motivation for its adoption is 
presented. The concepts of atoms and lists, 
subject language and metalanguage, ma- 
chine format and recursion are described. 
Several simple programming examples in- 
cluding formal differentiation are supplied. 


1693 
A Table Look-Up Machine for Processing of 


Natural Languages by J. L. Craft, E. H. 
Goldman, and W. B. Strohm (IBM); IBM 
J. Res. & Dev., vol. 5, pp. 192-203; July, 


1961. ; 
A table look-up machine based upon a 


photographic memory optimized for the 
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processing of natural languages is described. 
It makes use of automatic retrieval of lexical 
information by means of novel addressing 
features which allow look-up of phrases re- 
gardless of length. Linguistic determinations 
made on the basis of the lexical information 
aready retrieved govern subsequent opera- 
tions. In addition, a sentence buffer holds a 
sentence long enough to make the backward 
and forward passes which are required to 
make grammatical and contextual analyses. 


1694 

Table Look-Up Procedures in Language 
Processing, Part I, The Rax Text by G. W. 
King (IBM Res. Ctr.); JBM J. Res. & Dev., 
vol. 5, pp. 86-92; April, 1961. 

A method of addressing memories which 
is very powerful in the processing of natural 
languages, where the arithmetic or logical 
operations are either nonexistent or do not 
lend themselves to algorithmic description, 
is described. The main feature is the guaran- 
tee of initiation of an exhaustive search for a 
linguistic word at a point just beyond the de- 
sired address. Sequential search backwards 
not only locates an address if it is there, but 
also provides identification of a longest 
match first. The method is further extended 
to provide “conditional” addressing by pre- 
fixing subsequent addresses from informa- 
tion obtained in earlier searches. 


1695 

The Automation of General Semantics by 
F. W. Householder, Jr. and J. Lyons (Indi- 
ana University); U. S. Govt. Res. Repts., vol. 
35, p. 805(A); June 16, 1961. PB 153 805 
(order from LC mi$2.40, ph$3.30). 

The syntactic and semantic analysis of 
scientific English with the aid of an elec- 
tronic computer is considered. The primary 
aim is the development of general mechani- 
cal routines for the reduction of complex 
sentences to their constituent simple sen- 
tences without loss of information-content. 
Work so far has been directed to: 1) the col- 
lection of a representative corpus of scientific 
writing in English; 2) key-punching and sort- 
ing the preliminary more limited corpus; 
3) the elaboration of dictionary look-up and 
suffix-splitting routines for English; and 
4) the mechanical determination of the syn- 
tactic function of words and of the boundaries 
of phrases and clauses. 


1696 

Machine Language Translation Devices 
System by J. F. McCarthy and J. F. Mc- 
Kenna, Jr. (Anderson-Nichols and Co., 
Boston); U. S. Govt. Res. Repts., vol. 35, p. 
805(A); June 16, 1961. PB 155 030 (order 
from LC mi$3.60, ph$9.30). 

A complete coverage of the scope of the 
development program for the Machine Lan- 
guage Translation Devices System is pre- 
sented. The coverage includes a complete 
phase breakdown of each of the tasks of the 
over-all development program including the 
development engineering for the Militarized 
High-Speed Page Printing System, the Code 
Conversion System, the Keyboard Input 
Units, and the results of the investigations 
for the Integration of the Magnetic Tape 
Units, the High-Speed Photoelectric Paper 
Type Reader, and the Militarized Digital 
Communications Kineplex System, 
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1697 
Matching Inquiries for Index by M. A. 
Wright (Natl. Res. Dev. Corp., London); 
Computer J., vol. 4, pp. 38-41; April, 1961. 
A method for measuring the degree of 
matching between inquiries and index en- 
tries which allows for the effect of mistakes 
is described. A record is selected as the cor- 
rect one if-the degree of disagreement be- 
tween its index and the inquiry is less than a 
preset threshold. If the threshold is exceeded. 
methods of determining the next index to be 
tested are described. 


1698 

Automatic Abstracting and Indexing—Sur- 
vey and Recommendations by H. P. Ed- 
mundson and R. E. Wyllys (Planning Res. 
Corp.); Commun. Assoc. Comp. Mach., vol. 
4, pp. 226-234; May, 1961. 

In preparation for the widespread use of 
automatic scanners which will read docu- 
ments and transmit their contents to other 
machines for analysis, a new concept in 
automatic analysis is presented—the rela- 
tive-frequency approach to measuring the 
significance of words, word groups, and 
sentences. The relative-frequency approach 
is discussed in detail, as is its application to 
problems of automatic indexing and auto- 
matic abstracting. A summary of published 
automatic analysis studies is included. More 
sophisticated mathematical and linguistic 
techniques for the solution of problems of 
automatic analysis are also considered. 


1699 

An Indirect Chaining Method for Addressing 
on Secondary Keys by L. R. Johnson 
(IBM); Commun. Assoc. Comp. Mach., vol. 
4, pp. 218-222; May, 1961. 

Methods for entering random-access files 
on the basis of one key are briefly surveyed. 
The widely used chaining method, based on 
a pseudo-random key transformation, is 
reviewed in more detail and an efficient 
generalization of the chaining method 
which permits recovery on additional keys is 
presented. 


A Magnetic Associative Memory—see 1676. 


7. BEHAVIORAL SCIENCE AND 
ARTIFICIAL INTELLIGENCE 


1700 

Bionics Symposium Held in Dayton, 13-15 
September 1960 by J. C. Robinette (Wright- 
Patterson AFB); U. S. Govt. Res. Repts., vol. 
35, p. 765(A); June 16, 1961. PB 171 258 
(order from OTS $6.00.) 

The field of bionics is surveyed with 
special attention to the following subjects: 
1) logic derived from the contemplation of 
neurons but applicable to the design of elec- 
tronic networks of increased capacity and 
reliability; 2) theories, devices, and tech- 
niques based on or simulating visual and 
auditory perceptual processes; 3) the mech- 
anization of higher functions, such as learn- 
ing, self-programming, pattern recognition, 
decision making, and heuristic programs; 
and 4) the potential value of bionics, its 
present status, procedural methods and dif- 
ficulties, and possible social consequences. 


1701 
On the Encoding of Arbitrary Geometric 
Configurations by H. Freeman (New York 
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University); IRE TRANS. ON ELECTRONIC 
Computers, vol. EC-10, pp. 260-268; June, 
1961. 

A method which permits the encoding of 
arbitrary geometric configurations so as to 
facilitate their analysis and manipulation by 
means of a digital computer is described. 
Relatively simple numerical techniques can 
be used to determine whether a given arbi- 
trary plane curve is open or closed, whether 
it is singly or multiply connected, and what 
area it encloses. Further, a given figure can 
be expanded, contracted, elongated, or ro- 
tated by an arbitrary amount. A number of 
ways of encoding arbitrary geometric curves 
to facilitate such manipulations, each having 
its own particular advantages and disad- 
vantages, are treated. One method, the so- 
called rectangular-array encoding, is dis- 
cussed in detail. In this method, the slope 
function is quantized into a set of eight 
standard slopes. This particular representa- 
tion is one of the simplest and is most readily 
utilized with present-day computing and dis- 
play equipment. 


1702 

A Note on Optimum Pattern Recognition 
Systems by W. H. Highleyman (Bell Tele- 
phone Labs.); IRE Trans. ON ELEC- 
TRONIC COMPUTERS (Correspondence), vol. 
EC-10, pp. 287-288; June, 1961. 

For a given rejection rate, the error rate 
in a recognition system is minimized if the 
following decision criterion is used: 1) choose 
pattern class k if 


be (V/ax) > pj)F(V/a;) forall 7 #k 
and 


Pe (V/ax) >6 DPF (V/ai), O<B<1. 
t=1 
2) Reject the pattern if 
piF(V/a;)) <B>, piF(V/a;) forall 1 <i<c. 
t=1 


Here, p; is the a priori probability of the oc- 
currence of class 7, F( V/a;) is the conditional 
probability of making the measurement V 
given that a number of class 7 is present, c 
is the number of pattern classes and £ is a 
constant chosen to force the system to meet 
the given rejecton rate. In general, the 
proper value for 6 is determined empirically. 
However, in one important case, 6 may be 
determined analytically as B=(w—w)/w 
where w=cost of misrecognition, w9=cost 
of rejection, and the cost of recognition is 
assumed to be zero. 


1703 
The Design and Development of an 
(AN/APD-4 Film Editor) Readout Re- 
dundancy Reducer, QRC-60(T) by A. R. 
Bergen (Benson-Lehner); U. S. Govt. Res. 
Repts., vol. 35, p. 764(A); June 16, 1961. 
PB 150 909 (order from LC mi$2.70 
ph$4.80). 
Design and development of a film editor 
used to simplify the recognition and annota- 
tion of trace data occurring at periodic in- 
tervals on 35-mm AN/APD-4 film, and to 
provide a visual readout of the time separa- 
tion between two events is reported. Traces 
are annotated with an alpha-numeric or 
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binary code of 175 combinations and can be 
edited at the rate of 15-30 points per minute. 
The film is advanced in incremental steps, 
the length of which can be set to correspond 
to the distance between traces. The error in 
the incremental step is less than 0.0025 in 
or one part in 2000, whichever is greater. A 
four-digit display provides a visual readout 
of the time separation between traces. 


1704 

Character Recognition and Photomemory 
Storage Devices Feasibility Study by D. M. 
Baumann, F. T. Brown, ef al. (Mass. Inst. 
Tech.); U. S. Govt. Res. Repts., vol. 35, p. 
807(A); June 16, 1961. PB 147 787 (order 
from LC mi$4.50, ph$12.30). 

A study undertaken to determine the 
feasibility of high-speed photoeletric scan- 
ning of printed material is reported. The 
desired goal is the development of a system 
that will scan and encode printed matter in 
a fashion suitable for digital computer input. 
Photoelectric character recognition, related 
optics, and photomemory development are 
discussed. A theory of weighted area scan- 
ning which yields an analog voltage by 
means of a photocell is presented. 


1705 
Computer Helps Make Machine for Blind; 
Electronics, vol. 34, pp. 26-27; July, 1961. 
Use of a digital computer to help develop 
a reading machine for the blind is described. 
Photocells trigger reading-machine oscilla- 
tors, generating a specific pitch, when dark- 
ened by a part of a letter. An IBM 650 is 
programmed to simulate the action of photo- 
cells in activating reading devices to find a 
photocell array that will generate the most 
distinctive combination of tones for each 
letter. Different types of photocell arrays 
can be investigated by programming the 
computer. To obtain interaction between the 
programmed letters and the programmed 
photocells, the letter is placed beneath a 
screen of 119 rows and 104 columns. A 
square in the screen is considered ON if a 
predetermined amount of it is covered by a 
part of a letter. 


1706 

Electroluminescent-Photoconductive Pat- 
tern Recognizer Organizes Itself by J. A. 
O’Connell (Genl. Tel. and Elect.); Electron- 
ics, vol. 34, pp. 54-57; July 14, 1961. 

A sandwich module using flow table prin- 
ciples to recognize a 12-bit digital word is 
described. The device consists of a recogni- 
tion panel, a storage panel and an input 
panel. The digital input is divided into four 
3-bit words which are applied to successive 
recognition gates where they are compared 
with a pattern optically coupled-in from the 
storage panel. An ON condition is shifted 
from stage to stage when the digital infor- 
mation presented to the stage matches a pat- 
tern of binary words that it has been pro- 
grammed to accept. Different recognition 
patterns are obtained by altering the pat- 
tern of illuminated controlling photoconduc- 
tors in the flow table panel. Under single- 
shot operation, speeds of 3-4 msec per logical 
decision have been obtained. Under continu- 
ous operation, the speed is 5-10 times slower 
per decision element because of the slow 
photoconductor decay time. 
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1707 
A Reader forHand-Marked Documents by 
C. M. B. Reid (Leo Computers Ltd.); Elec. 
Engrg., vol. 33, pp. 274-278; May, 1961 

The design of a simple machine to read 
hand-marked documents such as invoices is 
described. The reason for undertaking the 
project is outlined, and problems inherent in 
sensing marks made by hand are pointed out. 
The mechanical and optical design of the 
reader is briefly described and a detailed ac- 
count of the logical operations whereby the 
information on the document is sensed, 
staticized, processed, and punched into tape 
is given. Built-in alarms minimize the risk of 
mistakes due to creases or dirt; their useful- 
ness is indicated in a summary of operational 
results. 


Adaptive Servo Tracking—see 1778. 


A Parameter-Perturbation Adaptive Control 
System—see 1777. 


Transfer-Function Tracking and Adaptive 
Control Systems—see 1773. 


1708 
General Switching Theory by S. Litwin, R. 
McNaughton, and R. L. Wexelblat (Uni- 
versity of Pennsylvania); U. S. Govt. Res. 
Repts., vol. 35, p. 601(A); May 16, 1961. 
PB 171 555 (order from OTS $1.75). 
Detailed reviews of a program to play 
GO and of work on languages of symbolic 
logic are given. The RENJYU program is 
described in detail, and a natural-language 
learning model is discussed. 


1709 
Adaptive Switching Circuits by B. Widrow 
and M. E. Hoff (Stanford University); U.S. 


“Govt. Res. Repts., vol. 35, p. 806(A); June 


16, 1961. PB 150 227 (order from LC mi$300, 
ph$6.30). 

An adaptive pattern classification ma- 
chine (called “Adaline,” for adaptive linear) 
devised to illustrate adaptive behavior and 
artificial learning is described. During a 
training phase, crude geometric patterns are 


fed to the machine by setting the toggle 


switches in a 4X4 input array. Setting 
another toggle switch tells the machine 
whether the desired output for the particular 
input pattern is +1 or —1. All input pat- 
terns are classified into two categories. The 


system learns a little from each pattern and 


accordingly experiences a design change. 
After training, the machine can be used to 
classify the original patterns and dis- 
torted versions of these patterns. At present, 
the purely mechanical adaption process is 
accomplished by manual potentiometer- 
setting. A means of automating this is being 


‘developed which makes use of multiaperture 
ferromagnetic devices. Solid-state adaptive 


logical elements will result that should ulti- 
mately be suitable for microminiaturization. 


- Networks of such elements would be very 


effective in pattern recognition systems, in- 


formation storage and retrieval-by-classifi- 


cation systems, and self-repairing logical and 


computing systems. 


The Design and Simulation of an Informa- 
tion Processing System—sce 1643. 
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1710 
Applications of the Complex Exponential 
Integral by M. S. Corrington (RCA); Math. 
of Computation, vol. 15, pp. 1-6; January, 
1961. 

A table of integrals in which definite inte- 
grals are evaluated in terms of the complex 
exponential integral is given. The Cauchy- 
Riemann equations are used to show how the 
present tables may be extended. 


1711 
“Direct Search” Solution of Numerical and 
Statistical Problems by R. Hooke and T. A. 
Jeeves (Westinghouse Res. Labs.); J. Assoc. 
Comp. Mach., vol. 8, pp. 212-229; April, 
1961. 

“Direct Search” procedures for solving 
numerical or statistical problems not amen- 
able to classical procedures are described. 
The typical problem is that of minimizing a 
function. A trial set of the dependent vari- 
ables is chosen, and an attempt is made to 
improve the value of the function by altering 
the values of the variables. The method of 
choosing the new parameters is by pattern 
search. If a pattern of trials is successful, a 
new value of the function is obtained; if un- 
successful, a new pattern is attempted. The 
procedure is terminated when the step size 
of the pattern is sufficiently small to insure 
that the optimum has been closely approxi- 
mated. Examples of the problems attacked 
are curve fitting and selection of an optimum 
function from a family of functions. 


1712 

A New Technique for Increasing the Flexi- 
bility of Recursive Least Squares Data 
Smoothing by N. Levine (Bell Labs.); Bell 
Sys. Tech. J., vol. 40, pp. 821-840; May, 
1961. . 

A method of performing recursive least- 
squares data smoothing in which optimum 
(or arbitrary) weights can be assigned to the 
observations is described. The usual restric- 
tion of a constant data interval can be re- 
moved without affecting the optimum 
weighting or recursive features. The method 
also provides an instantaneous (7.e., real 
time) estimate of the statistical accuracy in 
the smoothed coordinates for a set of arbi- 
trary data intervals. Optimum gate sizes for 
arbitrary predictions can be determined. 
Several applications are discussed. 


1713 
On the Approximation of Curves by Line 
Segments Using Dynamic Programming by 
R. Bellman (RAND Corp.); Commun. 
Assoc. Comp. Mach., vol. 4, p. 284; June, 
1961. 

A basic recurrence relation that permits 
convergence to the best line segment ap- 
proximation to a function by iterative dy- 
namic programming means is presented. The 
procedure may be extended to fitting seg- 
ments of polynomials of any fixed degree to 
a given curve. 


1714 

Optimal Approximation for Functions Pre- 

scribed at Equally Spaced Points by H. F. 

Weinberger (University of Minnesota); J. 

Res. NBS (Bull. Math. and Math. Phys.), 

vol. 65B, pp. 99-104; April/June, 196i. 
Explicit upper and iower bounds for the 
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value F(z) of a linear functional F applied to 
a function u(x) defined on the interval (0, 1) 
are given when wu is prescribed at the N+1 
points 7/N, +=0,---, N, and a bound for 
the integral of wl*l2 is known. These bounds 
are optimal in the sense that they are at- 
tained for functions satisfying the prescribed 
conditions. Their computation requires the 
inversion of a matrix of order k—1 rather 
than of one of order NV. 


1715 
An Iterative Method for the Inversion of 
Power Series by J. N. Bramhall (The Johns 
Hopkins University); Commun. Assoc. Comp. 
Mach., vol. 4, pp. 317-318; July, 1961. 

If a power series 


y = 2, aint 
4 


is absolutely convergent in some neighbor- 
hood of the origin, then its inverse 


x= ya, diy? 


may be calculated by writing the first ex- 
pression as 


x=yr- yL, ayant 
i=2 


and then iteratively using the second ex- 
pression to substitute for x on the right-hand 
side. Test cases such as 


1 
Sep dan gp 
nN. 


n 


yielded 
1 
aye eee 
n n 


to seven-digit accuracy when run on the 
IBM 7090. 


1716 

Chebyshev Approximations of Some Tran- 
scendental Functions for Use in Digital Com- 
puting by A. J. W. Duijvestijn and A. J. 
Dekkers (N. V. Philips); Philips Res. Repts., 
vol. 16, pp. 145-174; April, 1961. 

Methods for obtaining best-fit truncated 
polynomial and continued-fraction approxi- 
mations of continuous functions in a certain 
interval are described. Direct methods for 
obtaining approximations to best-fit approxi- 
mations are also given. The choice of the in- 
terval of approximation is discussed, and re- 
finement techniques for the polynomial ap- 
proximation and for the truncated continued 
fractions are provided; 47 tables of poly- 
nomial approximations and _ best-fit con- 
tinued fractions for specific functions are 
included. 


1717 

The Padé Approximant by G. A. Baker, Jr. 
and J. L. Gammel (Los Alamos Sci. Lab.); 
J. Math. Anal. and Appl., vol. 2, pp. 21-30; 
February, 1961. 

A method whereby the Padé approximant 
is used to calculate the asymptotic behavior 
of a function from the first terms of its power 
series is presented. The method is illustrated 
by two examples. 


1718 

On Approximating Transcendental Numbers 
by Continued Fractions by E. Karst (Brig- 
ham Young University); Commun. Assoc. 
Comp. Mach., vol. 4, p. 171; April, 1961. 
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Various continued fraction expressions 
for common transcendental numbers such as 
e2 and x that converge more rapidly than the 
conventional continued fractions for such 
numbers are given. 


1719 
Coding Instructions for Floating Point Trig- 
onometric, Inverse Trigonometric, Hyper- 
bolic and Exponential Functions by B. A. 
Jensen (Lincoln Lab.); U. S. Govt. Res. 
Repts., vol. 35, p. 597(A); May 16, 1961. PB 
153 052 (order from LC mi$1.80, ph$1.80). 
Coding for the trigonometric, inverse 
trigonometric, exponential and hyperbolic 
functions in the floating point mode of the 
CG 24 computer is given. An accuracy of 
seven significant decimal figures can be 
achieved. 


1720 
A Further Note on Approximating e* by D. 
Olivier (Carlton College); Commun. Assoc. 
Comp. Mach., vol. 4, p. 318; July, 1961. 
Various rational approximations to e* 
are obtained by taking successive approxi- 
mants of a continued fraction expression for 
e*. For example, the eighth approximant 
yields e* to nine significant digits with only 
four divisions and one multiplication. 


1721 
Evaluation of the Incomplete Gamma Func- 
tion of Imaginary Arguments by Chebyshev 
Polynomials by R. Barakat (ITEK); Math. 
Comput., vol. 15, pp. 7-11; January, 1961. 
Tchebycheff polynomials are used to 
evaluate incomplete gamma functions of 
imaginary argument. Tables of the evalua- 
tion are provided. 


1722 
Bessel Functions of Integral Order and 
Complex Argument by M. C. Gray (Bell 
Telephone Labs.); Commun. Assoc. Comp. 
Mach., vol. 4, p. 169; April, 1961. 

An extension to the complex argument of 
a method due to Stegun and Abramowitz for 
generating Bessel functions of real argument 
is suggested. It is based on the addition 
formula 


Ji(z —- t) = SS Jy-m(t) Tm(2), | 2| 7 (). 


M=—n 
Preliminary results indicate that the method 
compares favorably in speed and accuracy 
with methods using convergent or asymp- 
totic series, 


A Method for the Research of the Zeros of a 
Polynomial with an Analog Computer—sce 
1766. 


1723 

A Machine Method for Solving Polynomial 
Equations by D. H. Lehmer (University of 
California); J. Assoc. Comp. Mach., vol. 8, 
pp. 151-162; April, 1961. 

A machine method for solving polynomial 
equations that does not require special han- 
dling for multiple or closely spaced roots is 
described. An algorithm for determining 
whether a given polynomial has a root lying 
within a given circle in the complex plane is 
developed. By choosing two circles with the 
same center and differing radii, the location 
of the root can be isolated to within an annu- 
lus. The annulus may then be covered by 
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smaller circles, the root isolated within one 
of these, and so on. Convergence is not at the 
quadratic rate of Newton’s method, but 
rather at the geometric progression ratio of 
GAIA, 


1724 

The Effect of Parameters on the Roots of an 
Equation System by C. E. Maley (Carborun- 
dum Co.); Computer J., vol. 4, pp. 62-63; 
April, 1961. 

The effect of slight perturbations in the 
coefficients of a set of equations on the 
resulting roots is examined by means of a 
vector gradient method. In this way, the 
roots obtained may be evaluated and the 
effects of cancellation and round-off errors 
may be determined. By using the well- 
known relations between the coefficients and 
the roots of a polynomial, an iterative 
method of obtaining all the roots of a poly- 
nomial (real or complex) simultaneously is 
proposed. 


1725 

An Iterative Solution of Large-Scale Sys- 
tems of Simultaneous Linear Equations by 
F. J. Bellar (Naval Postgraduate School); 
J. Soc. Ind. Appl. Math., vol. 9, pp. 189-193; 
June, 1961. 

A modification of Lanczyos’ method of 
iteration that reduces the number of itera- 
tions to obtain the solution of Ax =d is pre- 
sented. Whereas Lanczyos obtains the best 
polynomial approximation to A in the 
sense of absolute error, the method described 
gives the best polynomial approximation to 
A~'in the sense of relative error. 


1726 

Eigenvalues of a Symmetric 33 Matrix by 
O. K. Smith (Space Technology Labs.); 
Commun. Assoc. Comp. Mach., vol. 4, p. 168; 
April, 1961, 

An explicit solution for the eigenvalues 
of real symmetric 3X3 matrices is obtained 
by using Cardan’s trigonometric solution of 
a transformation of the cubic equation 
[A —\I]=0. The resulting method is com- 
putationally much simpler than using one of 
the standard eigenvalue methods for so small 
a problem. 


1727 

Truncations in the Method of Intermediate 
Problems for Lower Bounds to Eigenvalues 
by N. W. Bayley and D. W. Fox (Appl. 
Phys. Lab.); J. Res. NBS (Bull. Math. and 
Math, Phys.), vol. 65B, pp. 105-112; April- 
June, 1961. 

Two new procedures for determining 
lower bounds to the eigenvalues of linear 
operators are developed. The methods are 
based on the theory of semibounded self- 
adjoint operators in separable Hilbert space. 
Computation of the lower bounds is reduced 
to the solution of matrix problems. The pro- 
cedures have immediate applications in the 
estimation of eigenvalues and eigenvectors 
of differential operators occurring in quan- 
tum mechanics. 


1728 

Solution of Tridiagonal Matrices by R. C. 

Wenrick (ACF Industries) and A. V. Hough- 

ton (University of New Mexico); Commun. 

rie Comp. Mach., vol. 4, p. 314; July, 
ie 


December 


Extremely simple recurrence relations 
for the solution of tridiagonal matrices are 
presented. The solution is obtained by suc- 
cessive back substitution. 


1729 
Comparison Theorems for Symmetric Func- 
tions of Characteristic Roots by M. Marcus, 
J. Res. NBS (Bull. Math. and Math. Phys.), 
vol. 65B, pp. 113-116; April-June, 1961. 
Necessary and sufficient conditions that 
A -—B is positive semidefinite Hermitian are 
proved. The conditions are in terms of the 
comparison of elementary symmetric func- 
tions of the eigenvalues of A+X and B+X 
as X varies over Hermitian positive definite 
matrices. 


1730 
A Remark on a Theorem of Lyapunov by 
O. Taussky (Calif. Inst. Tech.); J. Math. 
Anal. and A ppl., vol. 2, pp. 105-107; Febru- 
ary, 1961. 
It is shown that Lyapunov’s theorem: if 
A is a real »Xn matrix, then there exists a 
real positive definite matrix G such that 
AG+GA’=-—1 if and only if A is stable, 
i.e., Re [\(A)]<0 for all eigenvalues d of A, is 
equivalent to the theorem: let X =cl+K, 
where c<O and K=—K’ and K is a real 
nXn matrix. Let D be a real diagonal matrix. 
Then XD is stable if and only if all diagonal 
elements of D are positive. 


1731 
Solution of Systems of Ordinary and Partial 
Differential Equations by Quasi-Diagonal 
Matrices by M. A. Cayless (AEI Ltd.); 
Computer J., vol. 4, pp. 54-60; April, 1961. 
Methods of solving some rather com- 
plicated systems of ordinary and partial dif- 
ferential equations are described, including ~- 
cases possessing eigenvalues and/or display- 
ing nonlinearity. The equations are ex- 
pressed in finite-difference formas “quasi- 
diagonal” matrix equations, and subroutines 
for solving these on the Ferranti Pegasus 
computer are given, including cases involv- 
ing latent roots. The examples are from the 
theory of gas discharges, but the methods 
used are of general utility. 


1732 

Some Theoretical and Computational Mat- 
ters Relating to Predictor-Corrector Meth- 
ods of Numerical Integration by A. Ralston 
(Stevens Inst. Tech.); Computer J., vol. 4, 
pp. 64-67; April, 1961. 

Three matters relating to predictor-cor- 
rector methods are discussed. The first is a 
consideration of the replacement of classical 
predictors by direct extrapolation, smoothed 
and unsmoothed, of the first derivative. The 
second is the computational aspects of not 
iterating the corrector to convergence and 
the possible use of a convergence factor to 
test the corrector convergence. Finally, the 
desirability of using higher-order processes 
as opposed to modifying the results of lower- 
order processes is considered. Some numeri- 
cal results are given to illustrate the topics 
discussed. 


A Modified Lyapunov Method for Nonlinear 
Stability Analysis—see 1780. 
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1733 

Successive Approximations and Computer 
Storage Problems in Ordinary Differential 
Equations by R. Bellman (RAND Corp.); 
Commun. Assoc. Comp. Mach., vol. 4, pp. 
222-223; May, 1961. 

A method for reducing the storage re- 
quirements of the quasi-linearization tech- 
nique for solving nonlinear two-point bound- 
ary value differential equations is presented. 
The storage of the vector x;,_:(¢) in order to 
calculate x,(f) is avoided by transforming 
the boundary value problem in each itera- 
tion to an initial value problem and then 


recomputing the x;(t) as they are needed. 


1734 

A Practical Technique for the Determination 
of the Optimum Relaxation Factor of the 
Successive Over-Relaxation Method by 
H. E. Kulsrud (RCA); Commun. Assoc. 
Comp. Mach., vol. 4, pp. 184-187; April, 
1961. 

A method, based on determining the 
spectral radius of a certain matrix required 
in the relaxation process, of estimating the 
relaxation factor for an over-relaxation 
method of solving elliptic partial differential 
equations is described. The estimate of the 
relaxation factor so obtained substantially 
reduces the number of iterations required for 
convergence. 


1735 
Some Numerical Experiments Using New- 
ton’s Method for Nonlinear Parabolic and 
Elliptic Boundary-Value Problems by R. 
Bellman, M. L. Juncosa, and R. Kalaba 
(RAND Corp.); Commun. Assoc. Comp. 
Mach., vol. 4, pp. 187-191; April, 1961. 
Using a generalization of Newton's 
method, a nonlinear parabolic equation of 
the form “;—trz=g(u), and a nonlinear ellip- 
tic equation ur2+uyy=e%, are solved nu- 
merically. Comparison of these results with 
results obtained using the Picard iteration 
procedure shows that, in many cases, the 
quasi-linearization method offers substantial 
advantages in both time and accuracy. 


1736 

Topological Ordering of a List of Randomly- 
Numbered Elements of a Network by D. J. 
Lasser (Lockheed Aircraft); Commun. Assoc. 
Comp. Mach., vol. 4, pp. 167-168; April, 


A network of directed line segments free 
of circular elements is assumed. The lines are 
identified by their terminal nodes, and the 
nodes are assumed to be numbered by a non- 
topological system. Given a list of these lines 
in numerical order, a simple technique that 
can be used to create a list in topological 
order at high speed is described. 


9. PROBABILITY, INFORMATION 
THEORY AND COMMUNICATION 
SYSTEMS 

1737 
Notes on a Pseudo-Random Number Gen- 
erator by M. Greenberger (Mass. Inst. 
Tech.); J. Assoc. Comp. Mach., vol. 8, pp. 
163-167; April, 1961. 

The influence of the parameter d in the 
mixed congruential method Xr Axi +e 


(mod 2?) for generating a sequence of pseudo- 


random numbers is discussed. It is shown 
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that any \=1 (mod 4) leads to a sequence 
with a full period of 2? numbers. The de- 
pendence of p, the serial correlation with 
lag 1, upon 2 is considered. It is shown that 
a X\=2!7+1 combined with c= (1+4/0.5)2% 
yields a sequence with a period of over a 
billion and | p| less than one billionth, prop- 
erties which are adequate for most practical 
purposes. This choice of \ results in an effi- 
cient binary computer program; a new 
random number is generated by one shift 
and two add instructions. 


1738 
A Method for Evaluating the Area ot the 
Normal Function by F. B. Baker (University 
of Maryland); Commun. Assoc. Comp. 
Mach., vol. 4, pp. 224-225; May, 1961. 

A method for calculating the area 


1 y 
A(y) = eal exp (—u?/2)du 
AY 2a mer 


of the normal function is described. The ab- 
scissa of the normal curve is divided into 128 
intervals whose increments are in octal units. 
The normal deviates corresponding to these 
intervals are entered in a table. A table look- 
up is performed to find an area correspond- 
ing to a deviate just less than the given argu- 
ment. The remaining small area AA is then 
evaluated by a definite integration routine. 


1739 
Optimization Problems: Solution by an An- 
alogue Computer by A. W. O. Firth (Redifon 
Ltd.); Computer J., vol. 4, pp. 68-72; April, 
1961. 

Optimization problem solution on an ana- 
log computer in general is discussed and the 
field of linear programming is handled in 
detail. A method of solving linear programs 
that requires one amplifier per parameter 
and two amplifiers per constraint is pre- 
sented. For large problems, a solution cor- 
rect to 1 per cent accuracy converges in less 
than 20 sec. This is adequate for many appli- 
cations where input coefficients are not 
known to an accuracy greater than 1 per 
cent. 


1740 

A Mean-Weighted Square-Error Criterion 
for Optimum Filtering of Nonstationary 
Random Processes by G. J. Murphy and 
K. Sahara (Northwestern University); IRE 
TRANS. ON AUTOMATIC CoNnTROL, vol. AC-6, 
pp. 211-216; May, 1961. 

A procedure for use in the design of a 
physically realizable time-invariant linear 
system for optimum filtering of a nonstation- 
ary random process in the presence of non- 
stationary random noise is presented. The 
criterion used to measure system perform- 
ance is a mean-weighted square error. It is 
shown that the use of this generalization of 
the mean square-error criterion leads to a 
generalization of the Wiener -Hopf integral 
equation. A technique for solving this modi- 
fied Wiener-Hopf integral equation is pre- 
sented, and the application of the theory is 
‘Hustrated in an example of the optimum 
synthesis of a missile interception system. 


1741 

Analysis of a Basic Queuing Problem Aris- 
ing in Computer Systems by P. E. Boudreau 
and M. Kac(IBM Prod. Dev. Lab.); IBM J. 
Res. & Dev., vol. 5, pp. 132-140; April, 1961. 
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A model which describes a basic junction 
or queuing structure, arising in a general 
computing system is subjected to a mathe- 
matical analysis. The results consist of sev- 
eral formulas describing the performance of 
various parts of the system. The feasibility 
of analyzing general queuing problems in 
this manner is stated, together with the re- 
sults of a Monte Carlo simulation used for 
comparison purposes. 


1742 

Errors in Detection of RF Pulses Embedded 
in Time Crosstalk, Frequency Crosstalk, and 
Noise by E. A. Marcatili (Bell Telephone 
Labs.); Bell Sys. Tech. J., vol. 40, pp. 921— 
950; May, 1961. 

The probability of error in the detection 
of RF pulses embedded in a combination of 
Gaussian noise, time crosstalk from the tails 
of two neighboring pulses, and frequency 
crosstalk from an adjacent channel is calcu- 
lated. It is shown that for a given probability 
of error, it is possible to maximize the pulse 
repetition frequency and simultaneously to 
minimize the channel spacing and signal-to- 
thermal noise by operating the system at a 
signal-to-thermal noise level close to the 
level of the combined time and frequency 
crosstalk. 


1743 

Determination of Reutorr for Asymmetric 
Channel by B. Reiffen (Lincoln Lab.); U.S. 
Govt. Res. Repts., vol. 35, p. 601(A); May 16, 
1961. PB 153 108 (order from LC mi$2.40, 
ph$3.30). 

Previously, the author defined a compu- 
tation cutoff rate, Reutorr, for a discrete mem- 
oryless channel symmetric at its output with 
equally likely inputs. For information rates 
R<cutort, sequential decoding may proceed 
with an average number of decoding com- 
putations which does not grow exponen- 
tially with constraint length x. In this report, 
Reutott is defined for the general nondegener- 
ate discrete memoryless channel with arbi- 
trary input probabilities. 


1744 

Codes Based on Switching Functions and 
their Application in Practical Coding Meth- 
ods by P. G. Neumann (Bell Telephone 
Labs.); Nachrichtentech. Z., vol. 14, p. 254; 
May, 1961. 

A class of codes for which the disadvan- 
tages of optimal codes can be avoided is de- 
veloped. A code of this class is defined by 
means of a switching function whose vari- 
ables are the digits of the code words and 
whose functional value serves to designate 
the ends of code words. An algorithm by 
which all possible functions, and hence 
codes, can be obtained is given. Two meth- 
ods for attaining near-optimal average code- 
word lengths are given and illustrated with 
examples. 


Carrier Phase Reversal Transmits Digital 
Data Over Telephone Lines—see 1787. 


1745 
Design of an Improved Transmission Data 
Processing Code by R. W. Bemer, H. J. 
Smith, Jr., and F. A. Williams, Jr. (IBM); 
Commun. Assoc. Comp. Mach., vol. 4, pp. 
212-217, 225; May, 1961. 

An improved code capable of meeting the 
requirements of both communication and 
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data-processing needs is outlined. A major 
obstacle to standardization is the effect of 
any change on the collating sequences of 
established codes. The relative positions of 
the alphabet and the digits and the ability of 
codes of 6 or more bits to be mapped into a 
5-bit Baudot-type code are important con- 
siderations. 


1746 

Data Transmission and the New Outlook 
for the Computer Field by M. V. Wilkes 
(Cambridge University); Computer J., vol. 
4, pp. 1-9; April, 1961. 

Rates of error in telephonic communica- 
tion of data and means of improving them 
are discussed. The standard methods of error 
detection and correction, such as one- and 
two-dimensional parity, Hamming and fixed 
weight codes, are reviewed, and the im- 
portance of data transmission for the future 
application of computers is emphasized. 


1747 

Minimum Polarized Distance Codes by 
M. P. Marcus (IBM); JBM J. Res. & Dev., 
vol. 5, pp. 241-248; July, 1961. 

Error detecting and correcting codes are 
discussed. It is shown that, for a given num- 
ber of bits per character and a given mini- 
mum distance, the probability of undetected 
error in an asymmetric channel may be re- 
duced from that in a symmetric channel by 
many orders of magnitude merely by the 
proper selection of coded characters. For a 
given minimum distance, an optimum selec- 
tion of characters requires, as nearly as pos- 
sible, the same number of “one” and “zero” 
bit failures to change one character to an- 
other. The concept of polarized distance is 
introduced, and it is shown that the prob- 
ability of undetected error is related to the 
minimum polarized distance in both sym- 
metric and asymmetric channels. 


1748 

The Use of Group Codes in Error Detection 
and Message Retransmission by W. R. 
Cowell (Bell Labs.); IRE TRANs. ON INFOR- 
MATION THEORY, vol. IT-7, pp. 168-171; 
July, 1961. 

Group codes whose function is divided 
between error correction and error detection 
with retransmission are considered. For a 
given code, the minimum error probability 
is obtained if retransmission occurs when- 
ever an error is detected. The redundancy 
added by retransmission is estimated, and 
the behavior of retransmission channels as 
the length of the code words increases is 
studied. Most of the analysis is applicable 
for the binary symmetric channel only, al- 
though some of the results apply to more 
general channels. 


1749 

A Direct Digital Method of Power Spectrum 
Estimation by P. D. Welch (IBM Res. 
Ctr.); IBM J. Res. & Dev., vol. 5, pp. 141- 
156; April, 1961. 

A method of digital power spectrum esti- 
mation involving the direct combination of 
the sample time function with sines and co- 
sines is discussed. This treatment is in con- 
trast to the normal indirect digital method 
which proceeds through the intermediary 
of the autocovariance function. All the 
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practical design details necessary for the 
planning of a spectral estimation program 
are treated. 


1750 

Time and Frequency Crosstalk in Pulse- 
Modulated Systems by E. A. Marcatili 
(Bell Telephone Labs.); Bell Sys. Teche wie 
vol. 40, pp. 951-970; May, 1961. 

The time and frequency crosstalk be- 
tween gaussian RF pulses sent via adjacent 
frequency channels over the same transmis- 
sion medium is calculated. Shapes of the 
transfer characteristics of the transmitting 
and receiving filters vary from gaussian to 
approximately that of a third-order maxi- 
mally flat filter. The result permits design of 
transmitting and receiving transfer charac- 
teristics of adjacent PCM channels in such 
a way that the product of pulse spacing and 
channel spacing is minimized. 


Adaptive Servo Tracking—-see 1778. 


1751 
Wallops Island Preliminary Processing 
Computer Programs by S. M. Ornstein and 
R. J. Saliga (Lincoln Lab.); U.S. Govt. Res. 
Repts., vol. 35, p. 767(A); June 16, 1961. PB 
154 587 (order from LC mi$2.70, ph$4.80.) 
A portion of the data-processing system 
used to reduce instrumentation data from 
Wallops tracking radar is described. Data 
from three acquisition systems (primary, 
backup, and teletype) are processed by the 
7090 Computer so as to produce a standard 
format IBM magnetic tape. This tape is then 
available for further processing. In addition, 
two preliminary output systems (for printed 
output and plotted output) that employ the 
standard format IBM tape as input and em- 
ploy other programs to obtain printouts and 
plots are described. 


1752 
Error Statistics and Coding for Binary 
Transmission over Telephone Circuits by 
A. B. Fontaine (University of Wisconsin) 
and R. G. Gallager (Lincoln Lab.); Proc. 
IRE, vol. 49, pp. 1059-1065; June, 1961. 
About 2000 hours of noise data on vari- 
ous digital data telephone links are analyzed 
with respect to the applicability of coding 
theory to such links. The analysis indicates 
that coding for error correction is inefficient 
for such systems, but that coding for error 
detection, along with feedback, is remark- 
ably simple and effective. 


Present Address Selection for DISICOM, 
a Digital Communication System—see 1788. 


10. SCIENCE, ENGINEERING 
AND MEDICINE 


1753 
Direct Cycle Nuclear Power Plant Stability 
Analysis by D. Buden and R. F. Miller 
(G. E. Co.); IRE Trans. on Automatic 
ControL, vol. AC-6, pp. 237-244; May, 
1961. 

A power plant with a heat exchanger 
such as a nuclear reactor substiuted for the 
conventional chemical interburners in a jet 
engine will cause a considerable change in 
dynamic performance. The instantaneous 
power generated by the heat source is not 
the same as the instantaneous power de- 
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livered to the turbine. The basic control 
problems are analyzed using fixed control 
parameters and partial derivatives around a 
given operating point. A mathematical cri- 
terion is developed and correlated with 
power plant test data. An understanding of 
the inherent limitations of combining a re- 
actor, or any heat exchanger having a ther- 
mal lag, with a basic jet engine makes it pos- 
sible to devise a means of control. The 
introduction of an effective operational speed 
control permits operation of a complete 
power plant under any desired condition. 


1754 
Distributed Parameter Network Synthesis 
Using the Potential Analog Computer by 
A. Acampora (Microwave Res. Inst.); U.S. 
Gout. Res. Repts., vol. 35, p. 728(A); June 16, 
1961. PB 150 906 (order from LC mi$3.30, 
ph$7.80.) 

A transformation of the complex vari- 
able, termed a lambda _ transformation 


(X= 5+jQ2), whereby networks consisting | 


of lossless, commensurate transmission lines 
and resistors are directly expressible as ra- 
tional functions of the transformed variable 
d, is discussed, and a potential analog com- 
puter based on this transformation is de- 
scribed. The computer can be used to 
achieve networks that approximate a pre- 
scribed amplitude and phase response over 
a defined range of real frequency. The dis- 
tributed parameter approximating structure 
is arbitrary in form and number of elements 
except that it consists of lossless, commen- 
surate lines and resistors. The structure of 
the resulting networks is specifically pre- 
scribed at the outset of the approximation 
procedure. In the latter case, the particular 
networks considered are cascaded, lossless- 
line two-ports terminated in pure resistance. 


1755 

Computer Simulation of Aggregate Forma- 
tion by M. J. Vold (University of Southern 
California); U. S. Govt. Res. Repts., vol. 35, 
p- 554(A); May 16, 1961. PB 153 667 (order 
from LC mi$2.40, ph$3.30). 

Computer generated model sediments of 
spherical particles, formed by addition of one 
particle at a time to the sediment, appeared 
in previous work to represent the behavior of 
physical model systems composed of micro- 
scopic glass beads adequately. However, 
sediment densities of semicolloidal silica in 
hydrocarbon solvents are too low by a factor 
of about 30 to be represened by such as 
model. Observation suggests that the model 
must take flocculation and sedimentation 
into account simultaneously. Generation of 
model flocs and exploration of their shapes, 
structures and densities are reported. 
Particle-by-particle addition to the floc was 
assumed. A sediment formed on the previous 
pattern from these flocs rather than from 
primary particles is still more dense than ex- 
perimental sediments, but by a smaller 
factor (about 6). A more sophisticated model 
is under study. 


1756 

A Flow Pattern at High Subsonic Speeds 
Past a Wedge at Incidence in a Free Stream 
and a Choked Channel by J. B. Halliwell 
(Royal College Sci. Tech.); J. Math. Phys., 
vol. 40, pp. 1-22; April, 1961. 
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The equations of flow are formulated in 
terms of dual integral equations, and the 
boundary value problem is formulated for a 
flow in an unchoked channel. The analyses 
for flow in a free stream or a choked channel 
follow as special cases of the general formu- 
lation. In the latter case, an iterative pro- 
cedure is used to provide a full solution. 


1757 

The Prospects for the Utilization of Infor- 
mational-Logical Machines in Chemistry 
(USSR) by L. I. Gutenmaker and G. E. 
Vieduts; J. Assoc. Comp. Mach., vol. 8, 


pp. 240-251; April, 1961. 


Russian investigations into the process- 
ing and retrieval of large volumes of infor- 
mation relating to chemistry are outlined. 
Input information is translated into a suit- 
able form for machine storage. Inquiries are 
translated into machine language and placed 
in working storage before being processed. 
Algorithms for encoding chemical structure 
are being developed. With the aid of such 
algorithms, the searching for all compounds 
and synthesis procedures with specified 
properties will be facilitated. It is hoped to 
develop the system to combine calculation 
with information search to handle more com- 
plex problems. 


1758 

Computation of Complicated Combustion 
Equilibria on High-Speed Digital Computer 
by D.S. Villars (Naval Ord. Test Sta.); U.S. 
Govt. Res. Repts., vol. 35, p. 767(A); June 
16, 1961. PB 153 930 (order from LC 
mi$2.70, ph$4.80). 

A reliable and rapid procedure of succes- 
sive approximations which does not require 
any qualitative estimates of final answers as 
input data is described. Current values of 
concentrations are used to calculate all equi- 
librium constants. That reaction showing 
greatest fractional discrepancy between cal- 
culated and given equilibrium constants is 
selected by the program to be computed on 
the assumption of negligible interactions 
with the other equilibria. The process is re- 
peated until the maximum discrepancy has 
been reduced to a value less than an error 
specified as a parameter of the problem. The 
program will accept any number of reactions 
and species. Amatrix manipulation may be 
made to check that the chemical equations 
are in balance. The machine is then fed a 
list of chemical equations to be considered 
for a particular problem. It condenses the 
original matrix into a smaller working 
matrix consisting of rows and columns cor- 
responding only to the actual elements and 
reactions and the actual chemical species to 
be involved in that particular problem. 
Speed of convergence is enhanced by trans- 
forming the chemical equations to reactions 
of formation of the various species from com- 
ponents existing at maximal concentrations 
at equilibrium. After checking that a pro- 
posed set of components is tenable, the pro- 
gram conducts the transformation to the 
new set of chemical equations and obtains 
the corresponding equilibrium constants. 
The program is also provided with the capa- 
bility of computing enthalpies and entropies 


of the individual species for given tempera- 


‘tures and of the corresponding equilibrium 


mixture. 


Abstracts of Current Computer Literature 


1759 
Digital Circuit for Measurement of Spectral 
Line Intensities by S. Minami, H. Yoshi- 
naga, and S. Fujita (Osaka University); 
J. Opt. Soc. Am., vol. 51, pp. 674-678; June, 
1961. 

A digital circuit for measuring the inte- 
grated de signal from a photosensitive de- 
vice is described. The principal part is an 
analog-to-digital converter using a_ step 
integrator. With the auxiliary circuit added, 
the converter has nonlinear characteristics, 
which linearizes a nonlinear input. The long- 
term lack of reproducibility of the analog-tu- 
digital conversion is less than +0.1 per cent 
of the full-scale count. The nonlinear ana- 
log-to-digital conversion system, for in- 
stance, makes possible a direct readout of 
the element concentration in the emission 
spectrochemical analysis. 


1760 

Mathematical Analysis and Digital Com- 
puter Solution of Natural Frequencies and 
Normal Modes of Vibration for a Compound 
Isolation Mounting System by L. Katz 
(David Taylor Model Basin); U. S. Govt. 
Res. Repis., vol. 35, p. 735(A); June 16, 
1961. PB 154 506 (order from LC mi$2.70, 
ph$4.80). 

The mathematical analysis and solution 
of the natural frequencies and normal modes 
of vibration for a compound isolation mount- 
ing system by McGoldrick’s method are dis- 
cussed. The system consists of an assembly 
supported by a set of isolation mountings 
carried by a cradle which is, in turn, sup- 
ported by another set of isolation mountings 
attached to the hull of a ship. The solution 
for a single, resiliently mounted, rigid body 
is presented as a special case of the two-body 
system. 


1761 

Recent Developments in Some Non-Self- 
Adjoint Problems of Mathematical Physics 
by C. L. Dolph (University of Michigan); 
Bull. Amer. Math. Soc., vol. 67, pp. 1-69; 
January, 1961. 

An extensive survey of recent develop- 
ments in non-self-adjoint problems of math- 
ematical physics is presented. Certain prob- 
lems in quantum mechanics which, when 
segmented, involve non-self-adjoint opera- 
tors are outlined and discussed. Problems in 
scattering theory, neutron diffusion, Sturm- 
Liouville systems, Livsic operators, dissi- 
pative operators, Wiener-Hopf integral 
equations, and Cauchy integral equations, 
are surveyed and discussed. Variational prin- 
ciples for treating non-self-adjoint problems 
are outlined. 


1762 

A Program for the Numerical Integration of 
the Boltzmann Transport Equation, NIOBE 
by S. Prieser, G. Rabinowitz, and E. de- 
Dufour (Nuclear Dev. Corp. of America); 
U. S. Govt. Res. Repts., vol. 35, pp. 599- 
600(A); May 16, 1961. PB 152 587 (order 
from LC mi$3.90, ph$10.80). 

A code (NIOBE) for numerically inte- 
grating the time-independent neutron or 
y-ray Boltzmann transport equation which 
has been written for the IBM 704 is given. 
The code will calculate angular distributions, 
total fluxes, and currents for neutrons or 
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photons as a function of energy or wave- 
length in a finite, multilayered, spherically 
symmetric configuration. 


11. ANALOG AND HYBRID 
COMPUTERS 

1763 

An Accurate Analog Multiplier and Divider 
by E. Kettel and W. Schneider (Telefunken 
Res. Inst., Germany); IRE TRANS. ON 
ELECTRONIC ComPuTERS, vol. EC-10, pp. 
269-272; June, 1961. 

In the time-division multiplier, the prod- 
uct «1-42 is formed by pulse-duration modu- 
lation with x; and amplitude modulation 
with x2. The circuit can be arranged in such 
a manner that division by means of a 
quantity x3 can be carried out simultane- 
ously, the output being x1-x2/x3. When 
transistor switches are employed, the error is 
only 1-10~4 machine units. The zero error 
for x2, used for amplitude modulation, can 
be reduced to 2:10~5 machine units. 


1764 
Application of the Magnetoresistance Effect 
to Analog Multiplication by J. M. Hunt 
(Stanford Electronics Lab.); U. S. Govt. Res. 
Repts., vol. 35, p. 602(4);May 16, 1961. PB. 
149 333 (order from LC mi$6.90, ph$21.30) 
Bounds on the performance of a magne- 
toresistance analog multiplier are studied. 
Emphasis was placed upon the following 
areas: 1) analysis of multiplier error in terms 
of constituent errors, 2) theoretical analysis 
of the source of certain errors caused by im- 
perfections in the paired magnetoresistor 
unit which is the novel element of the multi- 
plier, and 3) fabrication and testing of suf- 
ficient magnetoresistor elements to permit 
the establishment of a realistic bound on the 
error component contributed by these ele- 
ments. Attention was also devoted to meth- 
ods for minimizing multiplier errors with- 
out recourse to external corrective circuitry. 


1765 

Automatic Servo-Driven Bridge Measures 
Analog Voltage Ratios by S. Shenfeld and 
H.R. Manke (U.S. Naval Underwater Sound 
Lab.); Electronics, vol. 34, pp. 53-55; July 
28, 1961. 

Anautomatic ratio bridge which measures 
the ratio of analog voltages, accurate to 
0.002 per cent, in a 400-cycle analog com- 
puter is described. The main features of the 
bridge include a rotary auto-transformer 
with direct indication, a servo system for 
automatic nulling and maximum slewing 
time of 30 sec (full range coverage). The 
major design problem is the removal of the 
quadrature component of voltages which 
tend to mask the true null adjustment. This 
is accomplished by adding a transistor 
chopper with a low cutoff frequency filter 
network. 


Optimization Problems: Solution by an 
Analogue Computer—see 1739. 


1766 

A Method for the Research of the Zeros of 
a Polynomial with an Analog Computer by 
A. Lepschy (Trieste University); Alia Fre- 
quenza, vol. 30, pp. 216-218; March, 1961. 

A method for determining the zeros of a 
polynomial by means of an analog computer 
is presented. The method is based on har- 
monic synthesis of the polynomial. Sinus- 
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oidal voltages corresponding to the vari- 
able and to its powers are obtained as out- 
puts of cascade operational amplifiers and 
are combined with the output of another 
operational amplifier to give a sinusoidal 
voltage corresponding to the polynomial. 
The transfer function of each operational 
element may be changed by varying the posi- 
tion of the input potentiometer of the opera- 
tional amplifier and the frequency of the 
feeding voltage. The roots of the polynomial 
correspond to the values of the transfer 
function for which the output of the opera- 
tional combiner is zero. The main character- 
istics of the method are described. 


1767 

Analog Computers’ Role in the Processing 
Industries; Automatic Control, vol. 14, pp. 
45-47; June, 1961. 

Applications of analog computers and 
components in the processing industries are 
outlined. The devices can be used to perform 
general computation (e.g., solving simultane- 
ous differential equations), to simplify meas- 
urement techniques, and to function as units 
in complex data-handling and digital con- 
trol systems. The machines are also useful 
in industrial process simulation and con- 
trol system analysis. Another application 
concerns the saving of effort in design calcu- 
lations, especially those involving trial-and- 
error procedures. 


Shaft-Angle Digitizing and Recording Sys- 
tem—see 1793. 


1768 
High-Speed Analog-to-Digital Converters 
Utilizing Tunnel Diodes by R. A. Kaenel 
(Bell Labs.); TRE TrANs. ON ELECTRONIC 
Computers, vol. EC-10, pp. 273-284; June, 
1961. 

Two analog-to-digital sequential con- 
verters which combine in one tunnel-diode 
pair per bit the functions of an amplitude 
discriminator and memory are described. In 
addition, one of the two schemes utilizes 
each tunnel-diode pair as a delay network. 
The conversion duration of one of these 6-bit 
converters, which employs germanium 2N559 
transistors and gallium arsenide 1N651 tun- 
nel diodes, has been set to 1 usec. Shorter 
conversion times are possible. Particular 
emphasis is given to the discriminator 
property of series-aiding tunnel-diode pairs. 
A comprehensive bibliography relating to 
tunnel-diode switching circuits is attached. 


Digital Circuit for Measurement of Spectral 
Line Intensities—see 1759. 


12. REAL-TIME SYSTEMS AND 
AUTOMATIC CONTROL; IN- 
DUSTRIAL APPLICATIONS 


Pe Control System Applications—see 
1794. 


1769 

A General Performance Index for Analytical 
Design of Control Systems by Z. N. Rekasius 
(Purdue University); IRE Trans. on Auto- 
MATIC ConTROL, vol. AC-6, pp. 217-222; 
May, 1961. 

A performance index which enables one 
to specify the desired response of the opti- 
mum system in terms of the differential 
equation describing the response of an ideal 
model is proposed, and a simple straight- 
forward procedure of calculating this per- 
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formance is outlined. This procedure con- 
sists of solution of a set of linear algebraic 
equations. Simultaneous solution of these 
algebraic equations yields the value of the 
performance index in terms of gain and time 
constants of the actual system. It is then a 
simple matter to calculate the numerical 
values of the free gain and time constant 
parameters for the optimum system (1.e., to 
minimize the performance index). The pro- 
cedure of optimization is illustrated by 
means of an example of a third-order system. 


1770 

On a Property of Optimal Controllers with 
Boundedness Constraints by H. L. Grogin- 
sky (Raytheon Co.); IRE TRANS. ON AUTO- 
MATIC CONTROL, vol. AC-6, pp. 98-110; 
May, 1961. 

A theory for optimal control systems de- 
signed to operate a plant of known char- 
acteristics is described. It is assumed that 
only limited changes in the system char- 
acteristics can be effected by the control 
variables at the designer’s disposal. It is 
shown that within the assumed limitations 
for a wide class of inputs and systems and 
for a certain class of measures of the system 
performance, an optimal system behaves as 
a relay or switched system during the 
transient period and as a continuous system 
during periods in which the input is repro- 
duced identically. A procedure for deter- 
mining the switching times during the 
transient period in terms of the permissible 
measurements is described. 


1771 

Theory and Design of High-Order Bang- 
Bang Control Systems by M. Athanassiades 
and O, J. M. Smith (University of Cali- 
fornia); IRE TRANs. oN AUTOMATIC CoNn- 
TROL, vol. AC-6, pp. 125-134; May, 1961. 

A complete analysis and design of a non- 
linear controller to minimize the response 
time of a limited input plant whose transfer 
function has N real roots is presented. The 
design procedure is based exclusively on the 
concept of the switching hypersurface of the 
system in N-dimensional state space and on 
the concept of the “distance function” from 
the state point to the switching hyper- 
surface. The linear and nonlinear trans- 
formations performed by a nonlinear com- 
puter upon the error and its time derivatives 
in order to generate the optimal amplitude 
limited input to the plant, are described in 
detail, and properties of the switching sur- 
faces, which are subsets of the switching 
hypersurface, are also described. 


1772 

Model Feedback Applied to Flexible Booster 
Control by G. E.Tutt and W. K. Waymeyer 
(Douglas Aircraft); IRE Trans. on AuTo- 
MATIC ConTROL, vol. AC-6, pp. 135-142; 
May, 1961. 

A feedback model approach to the de- 
sign of flexible space vehicle boosters involv- 
ing the control of an aerodynamically un- 
stable airframe in a dynamic wind shear 
(jet stream) environment is described. This 
system does not adapt to body bending, but 
instead is contrived to ignore it. A conven- 
tional attitude control system is assumed in 
which rigid body control considerations 
have been used to design the control loops. 
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A model of the plant (airframe rigid body 
dynamics) is derived. The attitude and rate 
feedbacks are now synthesized by a combi- 
nation of actual and model rate and attitude. 
Bending and similar dynamic effects are fil- 
tered from the actual attitude and rate sig- 
nals as required, and the information thus 
rejected is supplied from the model of the 
plant. It is readily shown that the perform- 
ance of this system in response to commands 
is substantially identical in all important re- 
spects to the original rigid body system. 


1773 

Transfer-Function Tracking and Adaptive 
Control Systems by C. N. Weygandt (Uni- 
versity of Pennsylvania) and N. N. Puri 
(Drexel Inst. Tech.); IRE TRANs. ON AUTO- 
MATIC CONTROL, vol. AC-6, pp. 162-166; 
May, 1961. 

In an adaptive system in which plant 
parameters are varying, it is necessary to 
track or measure the plant parameters. Two 
separate schemes are proposed for tracking 


the transfer function of a multiorder system. | 


The first scheme is based on perturbing the 
normal process with a small-amplitude sinus- 
oidal perturbation signal consisting of dif- 
ferent frequencies. The tracking system is a 
closed-loop system. The second scheme does 
not depend upon a perturbation signal, but 
does require knowledge of the form of the 
transfer function of the system. It is more 
suitable for tracking systems which have a 
number of first-order log units connected in 
tandem. 


1774 

Precision of Impulse-Response Identi- 
fication Based on Short, Normal Operating 
Records by R. B. Kerr and W. H. Surber, 
Jr. (Princeton University); IRE TRANs. ON 
AuToMATIC ContTroL, vol. AC-6, pp.173- 
182; May, 1961. 

An identification scheme for estimating 
in a short time the impulse response of a sys- 
tem from normal operating records is pre- 
sented. Maximum-likelihood estimates of 
the impulse response are discussed, and a 
“Sufficiency” criterion on the input signal is 
defined based upon the expected integrated 
squared difference between the actual and 
estimated impulse responses. Examples of 
suficient and insufficient test signals are 
given in terms of a “sufficient record length” 
criterion. Experimental results illustrating 
this latter criterion are presented. The time 
variation of the system parameters sets an 
upper bound on the useful record length. 
Some preliminary results relating this time 
variation to the useful record length are also 
presented. 


1775 

A Technique of Linear System Identification 
Using Correlating Filters by W. W. Lichten- 
berger (University of Illinois); IRE Trans. 
ON AuTOMATIC ConTROL, vol. AC-6, pp. 
183-199; May, 1961. 

Random signals and cross correlation can 
be used to determine the impulse response of 
a system. If, instead of a random testing sig- 
nal, one is employed which has certain 
properties similar to the random signal, a 
linear filter may be constructed which per- 
forms the necessary cross correlation. No 
multiplication is involved, and the output 
is a continuous function of time. Thus, a sig- 
nal filter obtains the impulse response for all 


in 
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values of time. A disadvantage of this 
method is that in a practical situation, there 
is usually a great amount of noise present. 
This “noise” consists mostly of process ac- 
tuating signals since the measurements 
must be made “on line.” 


1776 
A Minimal Time Discrete System by C. A. 
Desoer and J. Wing (University of Cali- 
fornia), IRE Trans. on AuTomMaTiIc Con- 
TROL, vol. AC-6, pp. 111-125; May, 1961. 
A sampled-data control system with a 
plant having real poles and limited input is 
considered. The plant forcing function which 
will bring the system to equilibrium in a 
minimum number of sampling periods is de- 
sired; this function is called an optimal 
strategy. To implement this particular op- 
timal strategy, a surface in state space called 
the critical surface is defined. It is shown 
that this optimal strategy will be generated 
by the following procedure: at the beginning 
of each sampling period, the distance ¢ from 
the state of the system to the critical surface 
is measured along a fixed specified direction; 
if ¢>1 (or <—1), then the forcing function 
for that sampling period is +1 (or —1); if 
|@| <1, then the forcing function is ¢. For a 
third-order plant, it is shown that the critical 
surface has certain properties which lead to 
a simple analog computer simulation. 


1777 

A Parameter-Perturbation Adaptive Control 
System by R. J. McGrath (Aerospace), V. 
Rajaraman, and V. C. Rideout (University 
of Wisconsin); IRE Trans. ON AUTOMATIC 
ConTrOL, vol. AC-6, pp. 154-162; May, 
1961. 

Theoretical and simulator studies of some 
new forms of a parameter perturbation self- 
adaptive system are presented. Here, the re- 
sponse of the control system is subtracted 
from that of a reference model to obtain the 
error signal. As in the previous studies, the 
controllable parameters of the system are 
sinusoidally perturbed. Somewhat different 
methods of processing the perturbation and 
error signals have been employed to obtain 
the parameter control signal which is used in 
the automatic optimization of the control 
system. Computer studies are made with 
both random and deterministic input signals 
and parameter disturbances. The results are 
compared with the analytical results. 


1778 

Adaptive Servo Tracking by A. I. Talkin 
(Diamond Ord. Fuze Labs. ); IRE TRANS. ON 
Automatic ContTROL, vol. AC-6, pp. 167- 
172; May, 1961. 

A self-adaptive sampled-data radar 
tracking loop is described. The tracking loop 
may be considered to be a low-pass filter with 
a variable bandwidth. The loop is designed to 
adapt rapidly to changes in the input signal 
by monitoring both the apparent error and 
the loop output. Results show a mean track- 
ing error 25-34 per cent less than that of a 
comparable linear system, at a receiver SNR 
of 10 db. 


1779 

Stability of Servomechanisms with Friction 
and Stiction in the Output Element by 
P. K. Bohacek and F. B. Tuteur (Yale Uni- 
versity); IRE TRANS. ON AvuromatTic Con- 
TROL, vol. AC-6, pp- 222-227; May, 1961. 
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Servomechanisms with friction in the 
output element are often observed to oscil- 
late, even though the Bode diagram in- 
cates stability. The conditions for this in- 
stability and the type of oscillation that can 
occur are investigated. It is found that an 
overdamped system with a lag equalizer is 
stable if L<2C/C—1, where L is the lag 
ratio and C=static friction-+Coulomb fric- 
tion; with a lag-lead equalizer, it is stable if 


I, KG 
1+a/b C—1’ 


where a/b is the ratio of the two zeros of the 
network. Experimental results that correlate 
with the theory are also included. 


1780 

A Modified Lyapunov Method for Non- 
linear Stability Analysis by D. R. Ingwerson 
(Sperry Rand Co.); IRE Trans. on AuTo- 
MATIC CONTROL, vol. AC-6, pp. 199-210; 
May, 1961. 

The Lyapunov stability criterion deals 
with arbitrarily small disturbances. A gen- 
eralization of the original theorem which 
applies to arbitrarily large and small dis- 
turbances, and to intermediate conditions 
as well, is given. In contrast to the success 
that has been achieved in advancing the 
theoretical concepts of stability by this 
method, little has been accomplished in the 
way of formulating practical means for ap- 
plying them to specific problems. A method 
which is easily applied to many of the sys- 
tems encountered in automatic control and 
which has given good results for numerous 
examples is presented. 


1781 
Sampled-Data Deviations in a Vertical In- 
dicator with a Stellar Monitor by T. M. 
Pienkowski (Wright-Patterson AFB); U. S. 
Govt. Res. Repts., vol. 35, p. 718(A); June 16, 
1961. PB 171 609 (order from OTS $3.00). 
The use of a digital computer or a star 
tracker in a vertical indicator results in a 
sampled-data system in contrast to the 
usual continuous data system, thus intro- 
ducing errors. These errors are explained and 
computed by a linear analysis and presented 
in accurate graphical form for use as a design 
aid. The error resulting from nonlinearities 
in the system is also considered. 


1782 

Sensitivity Considerations for Time-Varying 
Sampled-Data Feedback Systems Dyin 
Cruz, Jr. (University of Illinois); IRE 
TRANS. ON AUTOMATIC ConTROL, vol. AC-6, 
pp. 228-236; May, 1961. 

A synthesis procedure for linear time- 
varying sampled-data feedback systems is 
described. The plant and compensators are 
characterized by transmission matrices first 
introduced by Friedland. Part of the speci- 
fication involves a deviation or error matrix 
for the time-varying plant and an allowable 
deviation matrix for the closed-loop system. 
Noise considerations are also included. Using 
a technique analogous to that of Horowitz 
which ‘was originally used for multivariable 
continuous systems, the digital compensator 
transmission matrices are derived. The cor- 
responding time-varying digit2! compensa- 
tors are realized by means of zero-order hold 
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circuits, switches, resistors, and adders. An 
example using a digital co nputer simulation 
is included. 


1783 P 
Low-Speed Time-Multiplexing with Mag- 
netic Latching Relays by J. F. Meyer (Calif. 
Inst. Tech.); IRE Trans..on SPACE ELEC- 
TRONICS AND TELEMETRY, vol. 'SET-7, pp: 
34-41; June, 1961. 

Many satellite and spacecraft telemetry 
systems require that measurements be time- 
shared at relatively low rates (less than one 
sample per second) and that several rates be 
available in order to minimize redundant 
sampling. A multiplexing system designed 
specifically for low-speed operation and 
multiple-rate flexibility so as to gain ad- 
vantage in other critical areas of perform- 
ance is discussed. A unique synthesis of the 
basic circuit provides for the time-multi- 
plexing of m measurements with »—1 mag- 
netic latching relays. Assuming an external 
two-phase clocking source, no other com- 
ponents, active or passive, are required in 
the circuit. Other advantages of the circuit 
are: 1) low average power consumption; 
2) no additional monitoring or reset cir- 
cuitry required to insure proper operation at 
turn-on or after momentary power failure; 
and 3) the virtual impossibility of switching 
more than a single measurement to the com- 
mon output line, even in the case of com- 
ponent or wiring failure. 


1784 

High Speed Data System Solves Low Level 
Signal Problems by W. F. Kamsler (Epsco- 
West); Automatic Control, vol. 14, pp. 37-44; 
June, 1961. 

A high-speed digital data acquisition sys- 
tem capable of handling 200 channels of in- 
put from three types of sources: strain gauge 
bridges, thermocouples, and miscellaneous 
millivolt signals, is described. Input data are 
recorded digitally on magnetic tape at a rate 
of 5000 or 10,000 data samples per second, 
and then can either be transcribed into com- 
puter format which is acceptable to an 
IBM 704 or 709 computer, or can be pre- 
sented on analog plotters. Detailed system 
descriptions are included. 


1785 

Phase Reversal Data Transmission System 
for Switched and Private Telephone Line 
Applications by E. Hopner (IBM Corp.); 
IBM J. Res. & Dev., vol. 5, pp. 93-105; 
April, 1961. 

A phase reversal data transmission sys- 
tem capable of operating at 2000 bauds over 
private telephone lines and at 1200 bauds 
over switched networks is described. The 
advantages and limitations of the system are 
discussed from a theoretical and practical 
standpoint. The clocking problem in data 
transmission is considered and several ap- 
proaches are indicated. Extensive field tests 
over switched and private lines in Europe 
and on private (SAGE) lines in the U. S. are 
summarized. 


1786 

Automatic Digital-Data-Error Recorder by 
E. J. Hofmann (Lincoln Lab.); IRE TRANs. 
ON INSTRUMENTATION, vol. I-10, pp. 27-31; 
June, 1961. 
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An automatic digital-data-error recorder 
(ADDER) which automatically detects and 
records errors occurring during the trans- 
mission of digital information over data cir- 
cuits is described. Information of known 
structure is transmitted at one end of a data 
channel and compared at the output by 
means of the ADDER. The ADDER is com- 
posed of analog-to-digital converters, shift 
registers, counters for storing information, 
comparator circuits for error detection, and 
sequencing logic to control the shifting, 
storing, and punching out of information. 
Flip-flop storage is used to store a maximum 
of 126 bits of information. The following in- 
formation in regard to the transmission per- 
formance of the over-all system is obtained: 
1) the number of words in error and their 
time distribution, 2) the number of bits in 
error in erroneous words and their position, 
and 3) the relative occurrence of lost or 
gained sync (or start) pulses. The output of 
the device is punched paper tape which, 
through the use of a suitable program, may 
be analyzed by an IBM 709 or a similar 
computer. 


1787 

Carrier Phase Reversal Transmits Digital 
Data over Telephone Lines by J. R. Masek 
(Hallicrafters); Electronics, vol. 34, pp. 56- 
58; May 26, 1961. 

A transmission system which handles 
digital data, together with timing and syn- 
chronization signals, in a single channel is 
described. Digital data are put into groups 
of 4 bits, and then coded into code words of 
5 bits for each 4 bits group. A special code 
word (10000) is used as the synchronization 
signal. The code words are so selected that 
no more than 3 zeros or 7 ones can occur in 
succession in the coded data signal; there- 
fore, timing pulses can easily be regenerated 
from one/zero crossovers. A 1950-cps carrier 
signal is modulated by the digital data such 
that a one is represented by a reversal of 
carrier phase and a zero is represented by no 
phase reversal. At the receiving end, the 
transmitted data are recovered from the 
carrier by synchronous detection. 


1788 

Present Address Selection for DIGICOM, 
a Digital Communication System by R. 
Frank (USASRDL); U. S. Govt. Res. Repts., 
vol. 36, p. 21(A); July’5, 1961. AD 255 267 
(order from OTS $3.60). 

1) A method for decreasing the amount 
of time a telephone caller may have to wait 
for service is discussed. 2) The design of the 
necessary circuitry to adapt DIGICOM for 
operation with preset address selection is de- 
scribed. It is concluded that preset address 
selection has many advantages and that a 
completely new DIGICOM should be built 
to show the full capabilities of this method. 


Analog Computer’s Role in the Processing 
Industries—see 1767. 


1789 
Cold-Cathode Tube Circuits for Automation 
(Part 3) by R. S. Sidorowicz (Hivac Ltd); 
Electronic Engrg., vol. 33, pp. 296-302; May, 
1961. 

Schematics of oscillator circuits, multi- 
vibrator circuits, a free-running square-wave 
generator circuit, and a numerical indi- 
cator drive circuit employing cold-cathode 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


tubes are presented. Some examples of cold- 
cathode tube systems are described, includ- 
ing an electronic dial which is capable of 
generating a preset number of pulses, a con- 
trolled counter which will count the number 
of batches of objects, and an electronic in- 
spection unit in which an object is inspected 
by photosensors and is accepted or rejected 
according to an established criterion. 


13. GOVERNMENT, MILITARY, 
AND TRANSFORTATION 
APPLICATIONS 


1790 

Digital Computer Program for Supereleva- 
tion Cam Design by M. Archambault (Dy- 
namic Simulations Lab.); U. S. Govt. Res. 
Repts., vol. 35, p. 738(A); June 16, 1961. 
PB 153. 866 (order from LC mi$4.80, 
ph$13.80). 

A digital computer program for the rapid 
calculation of manufacturing data essential 
to the design of preproduction cams which 
are utilized in ballistic computers of tank fire 
control systems is presented. The cam pro- 
file generated introduces the superelevation 
angle required by the tank main armament 
for a particular type of ammunition. 


1791 

Combat Vehicle Firing Stability (Active Sus- 
pension) by C. M. Fischer (U. S. Army); 
Commun. Assoc. Comp. Mach., vol. 4, pp. 
279-283; June, 1961. 

A mathematical mode! for combat ve- 
hicle response during the firing cycle of main 
combat weapons is proposed. Two coordi- 
nate systems are used, one fixed in space and 
a second relative to the vehicle itself. The 
equations of motion are set up relative to the 
moving axes, and the appropriate transfor- 
mations are subsequently applied. The prob- 
lem reduces to the solution of a set of six 
second-order differential equations, which 
are solved with the aid of a modified fourth- 
order Runge-Kutta process. 


1792 

Three Dimensional Flight Table Device No. 
24-X-5 by M. Kanes (Bendix Aviation 
Corp) i Ul Sa Govl Reswhepis.vOlunsoniDs 
601(A); May 16, 1961. PB 154 806 (order 
from LC mi$1.80, ph$1.80). : 

A simulator for use with a master com- 
puter for the purpose of simulating the flight 
of fast air-to-air missiles on a 1-to-1 time 
scale is described. The unit consists of a 
high-performance, servo-controlled gimbal 
system which follows command inputs from 
an analog computer. Missile sections and 
components mounted-on these gimbals are 
subjected to the torques, angular accelera- 
tions, and angular velocities which would be 
experienced in the flight being simulated. 
Instruments on the gimbal system monitor 
velocity and position, and compute Euler 
angle transformations. 


1793 
Shaft-Angle Digitizing and Recording Sys- 
tem by E. Nadalin (Naval Ord. Test Sta- 
tion); U. S. Govt. Res. Repts., vol. 35, p. 
739(A); June 16, 1961. PB 153 647 (order 
from LC mi$3.90, ph$10.80). 

A system for recording simultaneously in 


‘ digital form the range, azimuth, and eleva- 


tion parameters of target position in relation 
to radar position, together with range timing 


December 


on magnetic tape in an IBM-709 tape format 
is reported The parameters are digitized by 
means of shaft-angle encoders. These data 
are stored in a magnetic-core memory by 
means of transistorized logic circuitry and 
then shifted onto magnetic tape. The data 
are now in a format for direct entry into the 
IBM 709 computer. 


A Mean-Weighted Square-Error Criterion 
for Optimum Filtering of Nonstationary 
Random Processes—see 1740. 


1794 

Terminal Control System Applications by 
E. A. O’Hern and R. K. Smyth (Autonetics); 
IRE Trans. ON AUTOMATIC CONTROL, vol. 
AC-6, pp. 142-153; May, 1961. 

Certain theoretical extensions of earlier 
work on terminal control techniques and 
their application to an aircraft landing sys- 
tem are described. The case considered is of 
a system having a second-order response 
from altitude rate command to altitude rate. 


The terminal time equations for this case are — 


developed together with the various closed- 
loop weighting functions by transform 
methods. From the terminal equations de- 
veloped, the terminal controller equations 
are synthesized for a two-condition terminal 
controller which controls altitude and alti- 
tude rate at the terminal (touchdown) time. 
The mechanization of these terminal con- 
troller equations is presented. The flight 
test results of the terminal control system 
using this system are described briefly. A 
comparison between flight test and simula- 
tion results is included. 


1795 

Air-Traffic Terminal Controller Computes 
and Sends Instructions by R. Meuleman and 
S. D. Moxley, Jr. (Avco Corp.); Electronics, 
vol. 34, pp. 47-51; May 26, 1961. 

An air-traffic terminal control system 
that simultaneously controls 18 arriving and 
6 departing aircraft in a terminal area is de- 
scribed. An individual tracking-computing 
channel is assigned to each arriving aircraft. 
The information about the position of the 
aircraft is tracked by radar and is supplied 
to the flight-path electromechanical analog 
computer. The computer schedules the time 
for the aircraft to land and directs the air- 
craft to the right course. The system can talk 
directly to the pilot so that the human con- 
troller’s work-load is significantly reduced. 
Prerecorded voice phrases are stored on a 
magnetic drum. These phrases are selected, 
combined into messages, and transmitted by 
an automatic voice unit having a vocabulary 
of 25 different message types with almost 
unlimited numerical combinations. 
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1796 
The Use of Pegasus Autocode in Some Ex- 
perimental Business Applications of Com- 
puters by H. W. Gearing (Metal Box Ltd.); 
Computer J., vol. 4, pp. 30-34; April, 1961. 
The experimental application of the 
Pegasus autocode to such commercial prob- 
lems as market surveys, experimental sales 
forecasts and quality control statistics is de- 
scribed. The relatively short time used for 
program development and result tabulation 
demonstrates the potential advantages of the 
sophisticated use of computers in business 
environments. é 
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Three-Year Cumulative Subject Index 


A 


Abacus, Origin and Development of the 260 
Abacus for Base Conversion, Use of the 979 
Abbreviation of Words, Systematic 1101 
Abstract Searching 80 
Abstracting, Automatic 48, 940, 1698 
Abstracting—See also Index(es) (ing), Informa- 
tion Retrieval 
AC Computers, Differentiators for 20 
Accuracy: 
Control in Tape Processing Systems 44 
—See also Error(s), Reliability 
ACE Computer 303 
Acoustical: 
Pattern Recognizers 82 
—See also Speech 
Adaptive: 
Control: 
Processes, Functional Equations in 
527 
for Radar Tracking 1778 
Systems, Transfer Function Tracking 
for 1773 
Pattern Recognizer 1709 
Systems, Simulation of Two-Parameter 
1621 
ADDER (Automatic Digital-Data-Error Re- 
corder) 1786 
Adder Circuits, 
Logical Design of Base Three 1232 
Tunnel Diode 1190 
Adder Circuits Using Bidirectional Nonlinear 
Impedances, Binary 543 
Adders, 
Cryotron 861 
Error Checking for 955 
High-Speed Parallel 705, 1330 
Integrated Binary Unipolar Transistor 
1487 
Magnetic: 
Core 142 
Film Parametron 1176 
Majority Gate 1481 
Microminiature 547, 90 
Microwave 415 
Negative Resistance Diode 11 
Photoelectronic 413 
Simulation of Cryotron 1351 
Sumador Chino 1341 
Transistor 12, 13, 281, 1011, 1183 
25 Mc 1186 
Adders: 
with Stored Addition Table, Decimal 871 
—See also Arithmetic Units 
Addition, 
Carry: 
Propagation Length for Binary 1131 
Transmission in Computer 131 
geciues by Computation of Conditional Sums 


Address: 
Calculation, Sorting by 651, 1379 
Modification 474 
pelection for a Communications System 
1788 
Addressing: 


for Random-Access Memories 807 
on Secondary Keys 1699 
Adjacent-Error-Correcting Codes 1138 
Bac. Automatic Programming Technique 
Air: 
Spee for Computer Maintenance 
Surveillance Systems, Human Decision 
Making in 1390 
Airborne: 
Analog Computers 168 
So patel System, Design of the RW-33 
Computers, Solid-State Research for 742 
Data Acquisition Systems 913 
Digital Computers 436, 1457 
Systems, Computers for 177 
Algebra: 
for Periodically Time-Varying Linear Bi- 
nary Sequence Transducers 1130 
—See also Logic 
Algebraic: 
Business Language for Non-Numerical 
Data Processing 1382 
Equation Solvers, Stability of Linear 850 
Equations, 
Simulation of 957 
Solution of 200, 930 


Expressions, One-Pass Compiler for 1688 
Formulas, Automatic Programming of 318 
Language, Syntax and Semantics of the 
International 1240 
Language: 
ALGOL—See ALGOL 
for Engineering Problems, Specialized 
606 
NELIAC 1242 
Processes, Round-Off Errors in 1252 
Systems, Enumeration of Veblen-Wedder- 
burn 1418 
Topological Methods in Synthesis 1122 
Translation 605 
Algebras, Multivalued Switching 975 
ALGOL, 
Appraisal of the Zurich Conference on 1239 
Character Set Including Characters Used 
in 1235 
Syntax and Semantics of 1240 
ALGOL: 
Expressed Recursive Processes, Transla- 
tion of 1515 
Modifications 611 
NELIAC. A Problem Language Adapta- 
tion of 1242 
60, 
Allocation of Storage for Arrays in 
1523 
Compiling Techniques for Boolean 
Expressions and Conditional State- 
ments in 1522 
Expository Remarks on 1684 
Implementation of Recursive Pro- 
cedures in 1516 
Introduction to 1241 
Syntax Directed Compiler for 1518 
60 Algorithmic Language, 1072 
—See also International Algebraic Lan- 
guage 
Algorithmic: 
Languages, 
ALGOL—See ALGOL 
Syntax of 923 
Systems, Operator Synthesis of 846 
Alphabétic Transmission, Code Compression 
for 1302 
Alphacode Translator, DEUCE 1247 
Alphanumeric Character Code 1569 
Alternating Direction: 
Method for Solution of the Plate Problem 
with Mixed Boundary Conditions 1261 
Methods, Over-Relaxation Applied to 
Implicit 1257 
AMOS Computer, Autocode for 612 
Amphisbaenic Sorting 652 
Amplifiers, 
Amplitude Distribution 1155 
Analog Computer 28, 1015 
Design of Magnetic 961 
Drift Minimization in DC 1152 
Misalignment of DC 1151 
Optoelectronic 699 
Transistor DC 1015 
Amplifiers—See also Operational Amplifiers 
Analog: 
—Binary Converters 887, 893 
Component, Varistor Nonlinear 1451 
Computation, Application of Time Multi- 
plexing to 265 
Computation of Functions of a Complex 
Variable 1448 
Analog Computer: 
Amplifiers 28, 1015 
—See also Operational Amplifiers 
Applications: 
Analysis of Sums of 
Functions 738 
Calculation of Gas Flow 1159 
Compensation of Control Systems 
175, 1624 
Control of: 
ened 2 for Electric-Are Furnaces 
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Hot-Strip Thickness in Rolling 
Mills 809 
Nerve Membranes 756 
Diagnosis of Heart Ailments 655 
Evaluation of Guided Missiles 916 
Measurement of: 
Directivity of Aerial Arrays 904 
Flowrate 1056 
Respiratory Carbon Dioxide Re- 
sponse 737 
Semiconductor Parameters 491 


Monitoring of Stack Effluent Radio- 
isotopes 810 
Reduction of Magnetic Resonance 
Data 739 
Respiratory Control of Heart Rate 
812 
Scanning the Complex Plane 170 
Simulation of: 
Aircraft Electrical Systems 808 
Blood Circulation 811 : 
Charged Particle Trajectories 
1160 
Chemical Reactions 740 
Coal Transportation Problem 
1612 
Cosmic Ray Showers 903 __ 
Electron Kinetics in Semicon- 
ductors 901 
Missiles 174 
Nerve Membranes 756 
Networks, 307, 1754 
Transfer Functions 1110 
Weapons 155 
Solution of: 
Optimization Problems 1739 
Structural Problems 654 
Study of: 
Nuclear Power Plants 232 
Sperm Cell Movements 656 
Train Performance 902 
Transformation of Euler Angles 1157 
—See also Computer Applications 
Circuits, Stabilization of 358 
Methods, Introduction to 1617 
Multipliers—See Multipliers 
Nyquist Plotter 1156 
Techniques 956 
Analog Computers, 
Advantages and Disadvantages of 306 
Arithmetic Operations by Elapsed Time 
Computation in 849 
Correction of Errors in Potentiometer 
Function Generators for 1153 
Corrections for Potentiometer Loading in 
1038 
Des 
Amplifier Misalignment in 1151 
Drift Minimization in 1152 
Negative Resistance for 433 
Digital Simulation of 226 
Electronic Slicer Circuit for 1155 
Error Determination in 1109 
Errors of 169 
Forcing Function Generator for 1615 
Frequency Measuring Circuits for 18 
Function Generators for—See Function 
Generators 
Generalized Integration on 482 
Generation of: 
Conformal Transformations on 1566 
Fourier Transforms on 1161 
Magnetic Drum Storage for 884 
Matrix Programming of 229 
Memory Cells for 1616 
Multigrid Modulator Amplifiers for 709 
Perturbation Techniques for 486 
Potentialscope Memories for 33 
Proportionality in a Sine-Cosine Re- 
solver for 1154 
Pulse Position Modulated 1158 
Quadratic Interpolation in 285 
Sampling Parametric 736 
Stability of 850 
Survey of Commercial 257 
Testing 1609, 1610 
Theoretical Design of Optical 588 
Transistor 168 
Analog Computers: 
for the Nike Ajax System 747 
In Processing Industries, Role of 1767 
—See also Differential Analyzers 
Computing Servos 282 
Correlation Computer 1611 
Analog-Digital: 
Computers 428, 847, 905, 1057, 1216 
Conversion 764, 914 
Conversion, 
Binary Encoder for 893 
Commutators for 42 
Digitalized Pickoff Display Con- 
verter for 888 
Shaft-Angle Encoders for 1793 
Spectrophotometric Data to Color 
Evaluation by 917 
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Conversion: 
in Airborne Data Systems, Use of 913 
Techniques 1059 
Converters, 575, 886, 897, 1620 
Converters, 
Catalog of 165 
Cryotron 157 
High-Speed 296, 886 
Servo 164 
Tunnel Diode 1768 
Converters for Measurement of Spectral 
Line Intensities 1759 
Differential Analyzer 1057 
Program Conversion 764 
RC Integrator 1453 
Recorders 159 
Simulation, Two-Channel Link for 1058 
Simulation of Engineering Problems 1090 
Temperature Recorder 1211 
—See also Digital-Analog 


Analog: 
from Digital Conversion 289 
Integrating Systems with Numerical 
Readout 32 


Integration and Differentiation 1452 
Integrator with Digital Output 1453 
Methods for: 
Location of Polynomial Roots 1766 
Medical Diagnosis 1608 
Pattern Recognition 350 
Multiplication, Survey of 706 
Multiplier and Divider 1763 
Multipliers, 
Magnetoresistive 1449, 1764 
Transistor 1613 
Multipliers—See also Multipliers 
Representation of Poisson’s Equation 
1450 
Solution of the Static London Equations 
of Superconductivity 1162 
Storage 153 
for Torsion of Compound Bars, Electrical 


958 
Voltage: 
Ratios, Automatic Servo-Driver 
Bridge for Measuring 1765 
Sources 26 


Analogs, Design of Resistance Network 266 
Analysis of: 
Pressure Waves on a Flat Panel 363 
Sequential Machines 670 
Sums of Distribution Functions 738 
Thin Film Magnetization 409 
Transmission and Distribution Problems 
340 
Variance 621 
—See also Computer Applications: An- 
alysis of: Simulation of: 
Applications of Computers—See Analog Com- 
puter Applications, Computer Applications 
Approximation: 
of Curves by Line Segments 1552 
to Functions, 
Continued Fraction 1716, 1718, 1720 
Orthogonal Polynomial 1553 
Padé 1717 
—See also Numerical Analysis 
Arithmetic, 
Algorithms for Multiple Precision 1329 
Double Precision 283 ; 
Floating Point—See Floating Point Arith- 
metic 
High-Speed Parallel Binary 1327 
Optimization of Computer Performance of 
Binary 1328 k 
Use of Mersenne Primes for Residue 
Class 1475 
Arithmetic: : 
Calculations on Random Fractions 240 
for Computers, Residue Class 1191 
for Data-Processing, Positive Integer 966 
Division 4 
Elements, , 
Carry Transmission in 131 
Design of 7, 8 
Elements: 

Adders—See Adder(s) 
Multipliers—See Multipliers 
Expressions, Basic Compiler for 1527 
Operations, : 

4 Algorithm for the Efficient Coding of 
1528 > a 
Elimination of Carry Propagation 1n 
1192 
Error-Correcting Codes for 1303 
Programming of 62 
Operations: 
in Digital Computers, Methods of 
Speeding 1193 we, 
by Elapsed Time Computation 849 


Subject Index 


Using a Reflected Binary Code 965 
Unit. 
All-Magnetic Decimal 1664 
; Digital-Analog 1326 
Unit Using Saturated Transistor Fast 
Carry Circuit, Parallel 1331 
Arrays, Dynamic Mappings of 1524 
Arrays in ALGOL 60, Allocation of Storage 
for 1523 
Artificial: 
Automata, Learning Machines as a Sub- 
class of 757 
Automata—See also Automata 
Intelligence, 
Computer Searching of Models for 
__ Problem Solving 1384 
Self-Organizing Systems for 1393 
Intelligence: 
Computer Programs for Game Play- 
ing 1396 
Experiments in Machine Learning 


General Problem Solving Program 
1248 
Simulation of 
Processes 1700 
Strategies for the Game Dama 1069 
—See also Intelligence, Perceptrons 
Assembly Program for: 
IBM 650 926 
a Phrase Structure Language 1373 
Assignment Problem, Algorithm for the 1424 
poe Factor in Information Retrieval 
6 
Associative: 
Memory, Magnetic 1496, 1676 
Store in Sorting, Use of 1380 
Asymmetric: 
Binary Channels, Single-Error-Correcting 
Codes for 531 
Channels, Cutoff Rate for 1743 
Asymptotic Behavior of Functions, Padé Ap- 
proximations to the 1717 
Asynchronous: 
Circuits, Theory of 1123 
Switching Circuits 414, 498 
ATHENA: 
Computer, Reliability of the 601 
Missile Guidance Computer 52 
ATLAS Computer 1064 
Auditing Computing Data, Problems of 1077 
Autocode, 
Business Application of Pegasus 1796 
Two-Level Storage Techniques in Mer- 
cury 765 
Autocode: 
for AMOS Computer 612 
for Evaluating Implicitly-Defined Quan- 
tities 610 
for Optimizing Programs on a Drum- 
Memory Computer 925 
Programming System 65 
for Solution of Simultaneous Differential 
Equations 1260 
Autocodes, 
General Algebraic Translator 453 
Translation of Pegasus to Mercury Code 
1517 
Autocodes—See 
ming, Coding 
Autocorrelation in Pattern Recognition, Use 
of 1387 
Automata, 
Artificial 176 ; 
Characterizing Experiments for Finite 
1321 
Finite 313, 316 ; 
Intelligent Behavior in Artificial 60, 314 
Learning in Artificial 447, 448, 602, 603, 
757, 758, 1069 
Linear Bounded 1470 ¢ 
Logic of Fixed and Growing 1067 
Logical: 
Goal-Seeking in 317 
Languages for Description of 1641 ; 
Methods for the Analysis and Synthesis 
of 1228 ; 
Minimal Characterizing Experiments for 
Finite 1640 f 
Pattern Recognition and Perceptions 
Related to Finite 1543 pp te 
Probability Judgments by Artificial 315 
Problem-Solving Program for 449 
Regular Expressions and State Graphs for 
1068 
Restoring Organs in Redundant 450 
Sets of Tapes Accepted by Different Types 
of 1471 vf 


Human Thought 


also Automatic Program- 
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Automata: 
Dee raposon of Sequential Machines 


Experiments in Machine Learning 1249 
—See also Artificial Intelligence, Finite 


Automata, Pattern Recognition, Se- 
quential Machines 
Automatic: 


Analysis of Documents 1698 
Codling—See Autocodes(s), Coding 
Control: 
Systems, Survey of Computers in 1455 
—See also Control 
Detection of Scaling Errors for Computer 
Aritmetic 1105 
Failure Recovery in Data-Processing Sys- 
tems 228 
Inventory Control 471 
Pattern: 
Recognition, Analysis of 800 
Recognition—See also Pattern Rec- 
ognition 
Position Analyzer 442 
Programming 319, 320, 324 
Programming, 
Business Applications of 181 
Evolution of 1506 
Phase Structure Language for 1373 
Survey of 759 
Programming: 
of Algebraic Formulas 318, 605 
Attributes Required in a Supervisory 
Program 1376 
for Business Applications 1375 
Classification 333 
Definition of Macro-Instructions 760 
of Languages 64 
Library 334 
SHARE 325, 326, 327, 328, 329, 330 
Signal Corps Research 321 
System Using Decision Structure 
Tables, TABSOL 1369 
Systems, List of 451 
Systems: 
FORTRAN 332 
Frameworks I and II 767 
Interpretive Programs 185 
for Mechanical Translation 643 
OMNIFORM 768 
Pegasus Autocode 184 
TAC for TRANSAC S-2000 749 
—See also Autocodes, Cade(s), 
Compiler (s) 
Techniques: 
AIMACO 324 
Algebraic Translators 453, 605 
ALGOL Language 611, 1072 
Analog to Digital Program Con- 
version 764 
Assembly Program for IBM 650 
926 
Compiling Connectives 1074 
for Engineering Problems 766 
Function Evaluation 769 
identifiers as Internal Symbols in 
Compilers 452 
Input Routine for the Ferranti 
Mercury Computer 61 
Instruction Translation 609, 610 
International Algebraic Lan- 
guage (IAL) 179, 319, 320 
Language for Mechanical Trans- 
lation 183 
for Large-Scale Real-Time Pro- 
grams 607 
List Processing Language 924 
Logical and Mathematical 
Routines 763 
Matrices 182 
Multiprogramming 761, 1071 
Optimizing Serial Memory 
Transfers 1073 
for ORDVAC 454 
for Quality Control Problems 470 
RUNCIBLE Compiler for IBM 
650 770 
SESAME 331 
Simple Algebraic Language 606 
Small Computers 922 
Syntax of Algorithmic Languages 
923 
Universal Computer—Oriented 
Languages (UNCOL) 63, 64 
Variable Buffering 762 
—See also Autocodes, Code(s) 
Quality Control, Application of Computers 
to 47 
Storage Assignment 1070 
Transcription of Machine Shorthand 1099 
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Automation, 
Application of Computers to 173 
Office 188 
Automation of Computer Design 1325 
Autonomous Linear Sequential Networks 
500 
AUTOSTAT Compiler Language for Statistical 
Data Processing 1243 ; at 
Autosynchronous Circuits, Design Criteria for 
546 


B 


Back-Transient Diode Logic 1003 
Barium Titanate Memory Units 15 
Barrier Grid Storage 37, 289 


Base: 
Conversion, Divisionless Method for 
Number System 1647 
Conversion: 


by Abacus 979 
for Floating Point Representations 


Three Arithmetic, Use of Three-Valued 
Logic for 1232 
Beam-Positioning for Flying Spot Storage 288 
Bearing Computers, Radio Direction Finder 
46 
Bendix G-20 System 1063 
BESM Computer 598 
BIAX Memory and Logic Elements 565 
Bibliography of: 
Approximate Integration 1560 
Logical Machine Design 121, 685 
Magnetic: 
Circuits and Materials 537 
Logic Schemes 1666 
Numerical Analysis 684 
—See also Survey 
BIDEC 158 
Bidirectional Binary Counter 710 
Bilateral Switching: 
Elements Using Constant Volage 543 
Using Nonsymmetric Elements 1486 
Binary: 
Adders Using Negative-Resistance Diodes 
iit 
Addition, Carry Propagation Length for 
1131 
-Analog Conversion, Magnetic Amplifier 
for 887 
Arithmetic, 
Methods for High-Speed Parallel 1327 
Optimization of Computer Perform- 
ance of 1328 
Codes—See Codes 
Conversion of a Decimal Fraction 480 
Counter, 
Bidirectional 710 
Silicon Transistorized 1053 
-Decimal: 
Conversion 158, 582 
Radix Comparison 746 
-Decision Programs, Representation of 
Switching Circuits by 475 
Division, Algorithm for Rapid 1649 
Division Algorithms, Statistical Analysis 
of 1332 
Eee for Analog-Digital Conversion 
Group Codes, Error Correcting 993 
Multiplication, Optimum Time for 1478 
Numbers Modulo Three, Residues of 509 
Ring Counters of Given Periods, Syn- 
thesis of 1226 
Signaling Alphabets 992 
Time Series in Periodic Functions, Analy- 
sis of 492 
ce Conditions for Independence of 
Bistable: 
Circuits Using Cold-Cathode Tubes 24 
Element, Superconducting 1172 
—See also Switching 
Bit-Wire Storage Elements 864 
Block Diagrams in Computer Design 262 
Blocking Oscillators, Transistorized 552 
BMEWS Data Processor, Organization and 
Program for the 1334 
BOMARC Guidance, Simulation of 311 
Boolean: 
Algebra, 
Symmetric Polynomials in 1117 
Seance of Digital Comparators by 
Albegra: 
Irredundant Forms of Boolean Func- 
tions 819 
for Majority-Logic Networks, Aug- 
mented 1222 ‘ 
Equations, Solubility Conditions for 245 
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Expressions, Compiling Techniques for 
Forms, Algorithm for Reduction of 506 
Functions, 
Absolute Minimal Expressions of 368 
Algebraic Simplification of 668 
Classification of 504 
Expressions of 244 
Folding of 246 
Inversion Complexity of Systems of 
100 
Minimization of Sum of Products 
Form of 972 
Simplification of 818 
Symmetries and Invariances of 971 
Functions: 
of N Variables, Generation of all 1668 
by Threshold Devices, Realization of 
Arbitrary 1319 
by Topological Methods, Minimiza- 


tion of 665 
—See also Switching Functions, 
Truth Functions 

Matrices, Synthesis and Analysis of 


Digital Systems by 666 
Matrices to Computer 
Application of 1571 
Matrix Equations in Digital Circuit De- 
sign 505 
Networks, Solution of Realizability Prob- 
lems for Irredundant 817 
Test Schedules for Switching Circuits 1653 
Trees, Minimization Over 1317 
—See also Switching 
Booth and Booth Method of Multiplication 
872 
Base-Chaudhuri Error-Correcting Codes 1304, 
1305 
Boundary: 
Contraction Solution of: 
Elliptic Partial Differential Equa- 
tions 387 
Laplace’s Equation 826 
Value: 
to Initial Value Conversion to Save 
Storage 1733 
Problems, Solution of 85, 514 
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Brain: 
Function, Computer Study of 634 
—See also Artificial Intelligence 
Bridge Network Systems 96 
British: 
Commercial Computers, Survey of 842 
Computer Society Conference, June 1959, 
Summary of 690 
Digital Computers, Survey of 403 
University Computers, Survey of 843 
Buffering, Compilers for Variable 762 
Buffers, Transistor Driven Magnetic Core 576 
Burst-Correcting Codes: 533, 534, 1431 
—See also Error-Correcting Codes 
Business Applications of Computers: 258, 613, 
776, 1633 
Accuracy Control 50 
Automatic: 
Coding 1375 
Programming 181 
Banking 58, 455, 774, 927, 1463 
Bookkeeping 69 
Business Management 187 
Calculation of Interest 1269 
Data Processing 50, 439, 440, 590 
pene Purpose Programming Systems 
Government Pension Plan 1464 
Insurance 57, 1076 
Intelligence Systems 48 
eR Oty. Control 70, 337, 471, 775, 1082, 
Invoice Control 775 
Management: 
Data Processing 1246 
Decision Making 772 
Simulation 335 
Office: 
Automation 188 
Work 68 
Payroll Accounting 1462 
Sales Forecasting 71 
Stock Recording and Control 70 
_—See also Computer Applications 
ee Applications of Pegasus Autocode 


Business Symposium 401 


Cc 


CADET Computer, Failure Rates for 304 
Calculation of—See Computer Applications: 
Computation of:, Numerical Analysis: Com- 
putation of: 
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Calliscope Alphanumeric Display 1504 
Canonical Forms for: 
Information-Lossless Machines 494 
Switching Functions 375 
Capacitive Sensing for Punched Cards 299 
Capacitor: 
-Diode Memory Systems 152 
Memory Wheel for Analog Computers 153 
Card: 
Format for Reference Files 1537 
Reader, High-Speed 1206 


-to-Tape Converters, Magnetic Core 
Logic for 416 
Carrier: 


Computers, High-Speed 1350 
Phase Reversal System for Data Trans- 
mission 1787 
Carry: : 
Circuit for Fast Parallel Addition Using 
Saturated Transistors 1331 
Propagation: 
in High-Speed Parallel Adder 1330 
by Redundant Representations, 
Elimination of 1192 
Transmission in Computer Addition 131 
Carryless Counters, Binary High-Speed 1188 
Cathode Ray: 
Display Tube-Computer Linkage, Op- 
perator Controlled 727 
Oscilloscopes, Computer Output Displays 
Using 798 
CDC 1604 Computer, Bootstrap Compiler for 
1374 


CDP (Checkout Data Processor) 1334 

Cell Principle for the Design of Resistance Net- 
work Analogs 266 

Central Pulse Generators, Transistorized 1016 

Chain (Cyclic) Codes for Error Detection 1430 


Chains, Methods for Obtaining Complete 
Digital 1429 
Character: 
Code for: 
Alphanumeric Characters, Pro- 
posed 1509 
Transmission and Computing, Pro- 


posed 1745 
Display System for Computer Output 578 
Generation 577 
Reader, 
Adaptive 1285 
High-Speed 1207 
Recognition 1, 39, 224 
Recognition, 
Feasibility of High-Speed Photo- 
electric 1704 
Handwritten 1707 
Single-Gap-Scan Approach to 1096 
Recognition: 
by Autocorrelation 1387 
by Humans, Hand-Printed 1289 
—See also Pattern Recognition 
Set Proposals, Reconciliation of 1244 
Sets, Comparison Between 6-Bit and 8- 
Bit 1235 
Sets for Computers 1370 
Checkers Playing Programs 448 
Checking, Generalized Parity 6 
Checking Codes 376 
Checklist for Programming Systems 333 
Chemical Switches 1037 
Chess Playing Programs 83, 352 
Chinese Octal Diagrams 687 
Circuit: 
Design, Autosynchronous 546 
Design—See also Switching 
Elements—See Components 
Faults, Program for Locating 1335 
Logic, Photoelectronic 413 
Logic—See also Logic 
Performance in Digital Systems, Statistical 
Analysis of 1333 
Theory—See Network Analysis 
Circuits, 
Direct-Coupled Transistor 556 
Microminiature: 547 
Printed 549 
Millimicrosecond Pulse Instrumentation 
for Microwave 1002 
Nanosecond 557 
Oscillator 552 
Pulse Logic 555 
Superconducting 861 
Time Measuring 551 
Transfluxor and Magnetic Core 1026 
Transitor—See Transistor 
_ Transistor-Resistor-Logic 553, 554 
Circuits, 
Using Cold-Cathode Tubes 24 
—See also Computer Circuits, Logic Cir- 
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cuits, Microwave Circuits, Switching 
Cup pores aes 
rogramming Language Translator 1514 
COBOL: Program Oriented Language 1375 
Code: 
Compression: 89 
for Alphabetic Transmission 1302 
Converters, Scansor 1163 
Eduivalent and Optimum Codes, Group 
Proposed for Transmission and Comput- 
ing 1745 
Reader for Minicards, Serial Scan 910 
psensatar for Letter-Sorting Machines 
Word Sets, Decodability of 395 
—See also Character Code 
Codes, 
Serer for the Length of Error-Correcting 
Burst-Error-Correcting 533, 534, 1431 
Error: 
-Checking 376 
Detecting and Correcting 834, 835 
Expansion of Punched Card 646 
Methods for Obtaining Complete Chain 
1429 
Survey of European Punched Card 1683 
Uniqueness of Weighed 1397 
Variable-Length Binary 528 
Codes: 
for Asymmetric Channels, 
Error-Correcting 531, 532 
Minimum Polarized Distance 1747 
Based on Switching Functions 1744 
for English Text Minimum “Ones” Bi- 
nary 535 
for Error Detection, Cyclic (Chain) 1430 
for Signal Communication 1578 
for Synchronous Digital Systems, Error- 
Correcting 1579 
—See also Autocodes, Error-Correcting 
Codes, Compilers, Translation 
Coding: 48, 62, 65, 66, 67, 89, 119 
Digital Data for Transmission 1787 
ae a Retrieval, Prime Number 
9 
Instructions for Floating Point Trigono- 
metric and Related Functions 1719 
with Minimum Redundancy in a Discrete 
Noiseless Channel 1580 
Gaeige Linear Multivalued Sequential 
01 
Systems for Aerial Photograph Identifica- 
tion 38 
Theory to Hadamard Matrices, Relation 
of 530 
—See also Program(ming) 
Coincident: 
-Current: 
Memory 572 
Memory, Magnetic Matrix Switch for 
879 
Non-Destructive Readout from Thin 
Magnetic Films 29 
Voltage Memory, Ferroelectric Com- 
ponents for 885 
Cold-Cathode Tubes, Circuits Using 24, 1789 
Combinatorial: 
pee matice to Topology, Relation of 
1552 
Problems, Programming for 469 
Combi-System of Basic Functions for Data 
Processing 1212 ‘ 
Comit System for Mechanical Translation 
1294 
Commercial: ’ 
Computer, British Case Study of Applica- 
tion of a 1633 
Computers in Britain, Survey of 842 
—See also Business 
Communicating with Computers 41 
Communication, . 
Applications of Computers in 1533 
Coded Phase-Coherent 1578 
Computer Simulation of Human 1434 
Scientific 3, 125 
Communication: 
Nets, Synthesis of 1115 
Networks, Optimum Route for 443 - 
Sciences 124 
Systems 51 ee 
Systems, Improved Transmission 1n 1585 
Techniques, Digital Data 1436 : 
Tool, Multisequence Computer as a 1066 
Comparators, 
Binary Number 164 
Computing 731 | 
Synthesis of Digital 132 
Transistor 281 


Subject Index 


Compatibility in Programming for Closely Re- 
lated Machines 1234 : 
Compensation: 
of ona Systems by Analog Computers 


Techniques for Error Reduction in Opera- 

tional Amplifiers 868 
Compilation: 

of Arithmetic Statements 1528 

of Procedure Statements 1521 

of Subscripted Variables 1686 

Techniques for Boolean Expressions and 
Conditional Statements in ALGOL 60 


1522 
Compiler: 
-Interpreter for Mechanical Translation, 
Comit 1294 
a Machine Independent SLANG 


Language for Statistical Data Processing, 
AUTOSTAT 1243 
Programs for Solving Power System Prob- 
lems 322 
Systems, the CL-1 1519 
Compilers, 
lee for Equivalence Declarations in 
List of 451 
Programming Language 179 
Recursive Subscripting 323 
Technical Vocabulary 321 
Universal System 63, 180 
Use of 452 
Compilers: 
CLIP Translator 1514 
RUNCIBLE 770 
SIMCOM Simulator 1075 
Compilers for: 
Algebraic Expressions, One-Pass 1688 
ALGOL 60, Syntax Directed 1518 
Analysis of Dynamic Systems, DYANA 
2 
Arithmetic Expressions, Basic 1527 
Connectives 1074 
Conventionally Written Mathematical 
Statements, MADCAP 1529 
COUNTESS and CDC 1604 Computers, 
Bootstrap 1374 
IBM 650, Comparison of GAT and 
RUNCIBLE 1371 
Input-Output Buffering 762 
List-Processing Languages 924 
Matrix Operations, IBM 709 608 
Multi-Level Storage Machines 1236 
Solution of Simultaneous Differential 
Equations 1260 
Symbol Manipulation, Algebraic 1525 
—See also Coding, Programming 
Complementing Circuits, Transistor Operated 
12 
Complex: 
-Curve Fitting 520 
Numbers, Square Roots of 677 
Plane Scanners 170 
Variables, Analog Computation of Func- 
tion of 1448 
Component Reliability, “Test Packaging” for 
1107 
Component Types, List of Major 166 
Components—See also Cathode Ray, Chemical 
Switches, Cold Cathode Tubes, Crowe Cells, 
Cryogenic Elements, Cryosars, _Cryo- 
trons, Delay Lines, Diodes, Electro-Optical 
Switches, Electron Beam Tubes, Ferreeds, 
Ferrites, Ferroelectric Devices, Ferroreso- 
nant Elements, Glow Tubes, Laddics, Mag- 
netic Amplifiers, Magnetic Cores, Magnetic 
Elements, Magnetic Films, Microwave 
Switching Elements, Multiaperture Mag- 
netic Devices, Operational Amplifiers Opto- 
electronics, Parametrons, Peristors, Phos- 
phors, Photoelectronic Components, Poten- 
tiometers, Printed Circuits, RODS, Servos, 
Superconducting Components, Thin Films, 
Thyrite Rods, Transfluxors, Transistors, 
Transpolarizers, Tunnel Diodes, Twisters. 
Composite Rules, Quadrature Formulas in 515 
Computability of Sets of Equations 1079 
Computation History of Digital 176 
Computation: 
In the Presence of Noise 117 
of Square Roots 821 : 
—-See also Computer Applications, Nu- 
merical Analysis 
Computational Chains 1508 
Computer Apptications: 186, 1533 
Abstracting Literature 940 
Acquisition of Weather Data 1445 
Airlines Reservations 589 
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agp Generation of Fourier Transforms 
Analysis of: 
Airborne Systems 168, 177 
Aircraft Routes 198 
the Atmosphere 210 
Blood Circulation 792 
Communication Networks 443 
Crystal Structure 624, 788, 929 
Dye Mixtures 204 | 
Dynamic Systems 1372 
Electrocardiographic Data 635 
se eat Molecular Spectra 
Microwave Rotation Spectra 934 
Nuclear Power Plant Stability 1753 
Pressure Waves 363 
Scientific English 1695 
Spectrometric Data 55 
Statistical Surveys 1422 
Stiffness Matrices 74 
Structures 654, 1091 
Sums of Distribution Functions 738 
Time-Series 773 
Transistor-Resistor Logic Networks, 
Statistical 1181 
Variance 621 
Approximation to Linear Systems 483 
Astronomic Surveys 442 
Auditing 1077 
Automatic: 
Glossary Construction 1281 
Position Analysis 442 
Testing of Missile Control Systems 
1336 : 
Automation 173 
Aviational Data Processing 467 
Banking 58, 455, 774, 927, 1463 
Battlefield-Surveillance 791 
Beam-Programming for the Bevatron 
1447 
Bionics 1700 
Bombing, Navigation, and Missile Guid- 
ance 1457 
Bookkeeping 69 
Business: 
Accounting 1462 
Management 187 
—See also Business Applications of 
Computers 
Calculations of—See (below) Computa- 
tion of 
Cargo Handling 194, 195, 196, 197 
Census 59, 728 
Change-Ringing on Church Bells 1093 
Character Recognition—See Character 
Recognition 
Chemical: : 
Separation Processes 627 
Structure Searching 221 
Circuit Analysis and Fault Diagnosis 1335 
Civil Engineering 235 
Classification of: 
Chemical Compounds 796 
Plants 1300 
Combinatorial Puzzles 469 
Communications 1066 
Complex Plane Scanning 170 
Composition of Music 793, 988 
Computation of: 
Aerodynamic Coefficients 234 
Antenna Patterns 960 
Combat Vehicle Firing Stability 1791 
Combustion Equilibria 1758 
Complex Roots of Equations 980 
Correlation Coefficients 619, 959 
Covariance Functions 1576 
Critical Rotation Speeds of Flexible 
Shafts 463 
Crystal Structure Factors 7 
Diffusion Concentration Profiles 231 
Electrical Network Functions 215 
Equilibrium: 
Composition of Burns Gases 


Explosion Products 489 

Exponentially-Mapped Statistical 
Variables 931 

the Gamma Function 620 

Gamma Ray Transmission by Monte 
Carlo Methods 461 

Gas Flow 1159 

Heat Transfer 1086 

Interest 1269 

Isoenergetic Supersonic Flow 1443 

Mathieu Functions 932 

Neutron Transmission 211 

Order Parameters in Binary Alloys by 
Monte Carlo Techniques 785 

Polymer Dimensions 347 
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Recursive Functions of Symbolic Ex- 
pressions 939 
Roots of Polynomial Equations 484 
Satellite Orbits 75, 76 
Schmerling Coefficients 458 
Shortest Route Through a Network 
1087 
Spectral Functions 959 
Structure Factors for Helical Poly- 
peptide Models 348 
3-Dimensional Structure of the Pro- 
tein Myoglobin 623 
Torpedo Hit Probabilities 1629 
Torsion of Compound Bars 458 
Train Performance 1081 
Transmission-Line Constants 338, 339 
Tunnel Diode Pair Waveforms 1346 
Urey-Bradley Force Constant 1084 
—See also Numerical Analysis: -Com- 
putation of: 
Conformal Mapping of Polynomials 87 
Control of: 
Air Traffic 199, 437, 441, 1632, 1795 
Aircraft 177 
Arc Furnace Power 754 
Heart Rate Respiratory 812 
Higher-Order Control Systems, Time- 
Optimal 1622 
Hot-Strip Thickness in Rolling Mills 
809 
Inventory 337, 471, 775 
Invoices 775 
Machine Tools 218, 229, 641 
Missiles 53 
Nerve Membranes 756 
Radio Telescopes 56 
Space Vehicles 1217 
Stock 70 
Tank Farm Inventory 1082 
Weapons 742 
Controllers in Automatic Feedback Con- 
trol Systems 1455 
Conversion of Colorimetric Data to Mun- 
sell Renotations 1274 
Crystal Structure Refinement 206 
Data Processing: 50, 439, 440, 590, 771 
of an Army Payroll 1459 
for a Pension Plan 1464 
in University Administration 1078 
at David Taylor Model Basin 1682 
Design of: 
Automata 1228 
Electrical: 
Filters 216 
Machines 213, 214 
Industrial Power Plants 1271 
Lenses 459, 460, 625, 626, 933 
Magnetic Amplifiers 961 
Moline uteut Logical Networks 
1473 
Nuclear Reactors 632 
Optical: 
Filters 203 
System$ 1589 
Rotating Machinery, Thermal 73 
Superelevation Cams 1790 
Transformers 1270, 1586 
Wind-Tunnels 628 
Determination of: 
Broadcast Station Interference 1584 
Directivity of Aerial Arrays 904 
Ground Points.on Aerial Photographs 
1403 
Low Frequency Polarization 462 
Minimal Forms for Logical State- 
ments 937 
Diagnosis—See Medical Applications of 
Computers 
nee of Chemical Structural Formulas 
Documentation 3, 48 
Economic: 
Distribution of Coal 1308 
ening in the Petroleum Industry 
Editing Flight Test Data 445 
Electric Utilities 617 
Estimation of: 
Fire Endurance 308 
Power Spectra 1749 
Evaluation of: 
Missiles 916 
Radar 178 
Weapons 77 
Filing 69 
Finding: 
an Optimum Route Through a Com- 
munication Network 443 ; 
eens of Polynomial Equations 
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Flowmeters 1056 
Forecasting: 
Election Results 779 
Sales 71 
Stream-Flow 342 
Weather 345, 1444 
Formulation of Transparent Color 784 
Fourier: 
Analysis 72, 86 
Synthesis 45 
Frequency-Shift Communications Systems 
1585 
Generalized Integration 482 
Generation of: 
Normal Deviates 457 
Radar Blip Samples 175 
Government 692 
Great Circle Navigational Calculations 
789 
Guidance of Missiles 52 
Highway Engineering 189 
Identification of Chemicals 541 
Indexing Technical Literature 3, 79 
Inertial Navigation 171 
Information Retrieval—See Information 
Retrieval 
Inspection Procedures 219 
Insurance Data Processing 57, 1076 
Integration of the Boltzmann Transport 
Equation 1762 
Intelligence Systems 48 
Managements: 
Data Processing 1246 
Decision Making 772 3 
Market Research 1460, 1461 
Measurement of: 
Control System Characteristics 312 
Grid-Current 362 
Problem Solving Ability 1311 
Respiratory Carbon Dioxide Re- 
sponse 737 
Semiconductor Parameters 491 
Spectral Line Intensity 1759 
Mechanical Translation—See Translation, 
Mechanical 
Medical Data Processing and Diagnosis— 
See Medical Applications of Computers 
Minimization of: 
Truth Functions 1316 
Wire-Length 640 
Missiles—See Missiles 
Mobile Systems 177 
Monitoring Stock Effluent Radioisotopes 
810 
Multiple Regression Analysis 1575 
Naval Engineering 1682 
Network Analysis 1442 
Nuclear Reactor Programs 935 
Office: 
Automation 188 
Work 68 
Operations Analysis 771 
Optical Scanning 205 
Optimization: 
of Package Handling 1428 
by Random Search 485 
Organic Chemistry 465 
Patent Searching 799 
Pattern Recognition—See Pattern Recog- 
nition 
Planning Artillery Fire 618 
Plotting Frequency Response Curves 962 
Prediction of: 
Company Staff Distributions 1465 
Interception 361 
Preparation of: 
Concordances and Indexes 941 
Poetry Concordances 942 
Process Control 173, 540, 794, 1094 
Processing: 
Acoustical Data 1626 
Private Wire Data 51 
Radar Data 1334, 1433, 1751 
Weather Radar Data 1299 
Wind Tunnel Data 159 
Production: 
of Classroom Schedules 1630 
Control 781, 1627 
Planning 614 
of Spot Diagram Data 205 
Provision of Photograph Captions 38 
Quality Control 470 
Radio: 
Astronomy 56 
Direction Finders 46 
Railroad Problems 633 
Ray Tracing 1085 
Recognition of: 
Nuclear Event Patterns 1385 
Speech—See Speech Recognition 
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Reduction of Magnetic Resonance Data 
739 
Registration of Students 336 
Research on Television Picture Coding 163 
Retrieval of Information—See Informa- 
tion Retrieval 
Scoring of Rating Scales 468 
Simulation of: 
Adaptive Systems 1621 
Air: 
Battle 310 
Defense 78 
Traffic Flow and Control Sys- 
tems 1428 
-to-Air Missiles 1792 
Aircraft: 487 
Electrical Systems 808 
Algebraic Equations 957 
AM Data Systems 1088 
Blood Circulation 811 
Bomber Interception 1092 
Chemical: 
Plants 1446 
Reactions 740 
Computers 1227 
Cosmic Ray Showers 903 
Cryotron Network ‘Transient Re- 
sponse 1351 
Data-Switching Systems 936 
Diodes and Transistors 491 
Electrical Networks 84 


Electron Kinetics in Semiconductors | 


901 
Engineering Problems 1090 
Guided Missile Systems 1058 
Helicopters 344 
Human Communication 1434 
Human Tracking 217 
Job Shops 777 
Nerve Membranes 756 
Orthonormal Functions 483 
Perceptrons 946 
Perceptual Systems 945 
Post Office Systems 1628 
Radar Systems 488 
Reading Machines for the Blind 1705 
SAGE. Tracking and BOMARC 
Guidance 311 
Second-Order Equations 360 
Sediment Formation 1755 
Sequential Networks 938 
Speech 225 
Switching Systems 343 
Transfer Functions 1110, 1618 
Transient Field Problems 1415 
Transistor Switching Circuits 629 
Merrie: with Structural Damping 
Yawing Motion of Missiles 230 
—See also Simulation 
Solution of: 
Algebraic Equations 200, 355, 930, 
956, 957, 1103 
Boundary Value Problems 85 
Differential Equations 202, 359, 360, 
956, 1083, 1403, 1731 
Field Problems 587 
Integral Equations 88 
Nonlinear Eigenvalue Problems 1403 
Predictor Intercorrelations 201 
Spatial Problems 1 
Transcendental Equations 200 
the Transportation Problem 1631 
Sorting: 943 
Mail 615 
Spectroanalysis 54, 55 
Spectrophotometry 917 
poe Recognition 353, 802, 803, 1290 
Statistics 637 
Study of: 
Compressible Boundary Layers 209 
Electrical Power Flow 631 
Flexible Shaft Rotation 463 
Freezing and Thawing in Soil oo 
Gas Film Lubrication 464 
Human Brain Function 634 
Human Dynamics 636 
Instrumentation for Nuclear Power 
Plants 232 
Intelligence 1248 
Lattice—Gas Model 208 
Microwave Problems 233 
Motion of Rockets 486 
Network Topology 638, 639 
Nuclear Reactors 212 
Power Systems 190, 191, 236, 338, 
339, 340, 341 
Sperm Cell Movements 656 
Thermochemical Propellants 466 
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Thin Films 1273 
Transient Stability Problems 630 
Survey of Family Expenditure 778 
Surveying 790 
Synthesis of: 
Networks 307 
Systems 174, 456, 786 
Tabulation of Ballots 928 
Telephone Traffic Theory 192, 193 
Tracings: 
Charged Particle Trajectories 1160 
Electron Rays 783, 898 
Transcription of Morse Code 473 
Unfolding of Gamma-Ray Spectra 1272 
Universal Credit Card Systems 841 
Vital Record Linkage 616 
X-Ray Crystallography 207 
Soe Method in Atomic Spectroscopy 
—See also Analog Computer Applications, 
Numerical Analysis, Simulation, Special 
Purpose Computers 
Center Directors, Conference of University 
Centers, Organization of University 1314 
Circuits, 
Autosynchronous 546 
Time Measuring 551 
Circuits with Memory Elements 998 
Design, 
Automation of 1325 
Human Factors in 1466 
Design: 
Methods 262 
Philosophy in Leo Computers, Evolu- 
tion of 1656 
Development, 
History of 259 
Russian 541 
Developments, Review of 123 
Directory and Buyers’ Guide 542 
Elements, Magnetic—See Magnetic 
Flow Diagrams, Analysis of 1129 
Installations, Survey of Russian 1310 
Layouts, Mechanization of 1482 
Magnetics, Survey of 268 
Maintenance, Cooling Air Flow for 426 
-Man: 
Cooperation for Formulative Think- 
ing 845 
Relationship 1466 
Mathematics at Moscow State University 
1143 
Music, Application of Information Theory 
to 988 
Networks, Organization of 309 
ane ees Economic Model of Error-Free 
55 
Output, Character Display System for 578 
Panel Wiring, Automation of 1102 
Performance, Influence of Control Or- 
ganization on 586 
Personnel, Data on PGEC 397 
Programming—See Program (ming) (s) 
Reliability: Derivation of Distribution of 
Uptime Ratio 1104 
Research, Use of Zebra for 929 
for SAGE System, Design of 741 
Speed-Up Using Parametrons 1177 
System for Flight Test Data 445 
Systems, 
All-Magnetic 1664, 1665 
Design of the RW-33 1227 
Ferranti ORION 1483 
IBM 7074 1339 
RCA 601 1338, 1654 
Survey of European 1309 
—See also Systems 
Techniques, Summary of New 689 
Techniques to Telephone Switching Sys- 
tems, Application of 978 
Technology, : 
New Developments in 686 
State of European 1635 
Terminology, 
Glossary of 122 ; 
Multilingual International Standards 
for 1149 
Trends, Survey of 841 _ : 
Used as a Communications Tool, Multi- 
sequence 1066 : 
Computers, 
Analog—See Analog Computers : 
Analog-Digital 428, 847, 905, 1057, 1216 
Central European 688 é 
Comparison of Single and Triple Address 
745 
Cryogenic 1167 ¢ 
Digital—See Digital Computers 
Educational Program for 683 


Subject Index 


Future: 
Developments in 691 
of Digital 1142 
Heuristic Programming for 1384 
List of Types of 167 
Master File System for Tape Processing 49 
Microprogramming 2 
Minimum Logical Complexity for General 
Purpose 130 
Modular 1213 
Packard Bell 250 General Purpose 1337 
Programming Compatibility for Families 
of 1234 
Special Purpose—See Special 
Computers 
Survey of Commercial 257 
Symbolic Design of Generalized 261 
Thinking and Learning: 1249 
—See also Artificial Intelligence 
Transistor Applications for High-Speed 
Parallel 1007 
University Role in 682 
Use of Shift Registers as 848 
Computers: 
for Airborne Systems 177 
Based on Living Nervous Systems, Study 
of 1150 
In Classroom Instruction, Conference on 
the Use of 1147 
In the Federal Government, Use of 404 
for Mobile Systems 177 
as a Public Utility 405 
to aes Machines, Relation of Actual 
Using Magnetic: 
Core Pulse-Switching Circuits 31 
Tape, Maximum Pulse Packing Den- 
sities and Transfer Rates of 161 
—See also Analog Computers, General 
Purpose Computers, Special Purpose 
Computers, Systems 
Computing Processes, Thermodynamic Irre- 
versibility of 1644 
Mere breeds Computer Preparation of 941, 
942 
Conditional: 
Probability Computers, Design of 264 
Sum Addition Logic 1194 
Conductive Films, Use of Evaporated 568 
Conformal: 
Mapping of Polynomials Using Analog 
Computers 87 
Transformations by an Analog Computer, 
Generation of 1566 
Congruence Notation in Parity Checking 6 
Connection Matrices in Sequential Machines, 
Use of 670 
Connectives, Compiler for 1074 
Consistency of Precedence Matrices 377 
Constant: 
Voltage Bilateral Switching Elements 543 
Weight Counters and Decoding Trees 
1189 
Contact Networks, 
Minimal Complete Decoding 1320 
Synthesis of Multiple Output 1126 
Contact Networks for Switching Functions 97 
Continued: 
Fraction Approximations for Transcen- 
dental: 
Functions 1265 
Numbers 1718 
Fractions, Computation of Exponential 
and Hyperbolic Functions with 822 
Continuous Problems to Discrete Form, Re- 
duction of 657 
Control: 
of Active Bioelectric Membranes 756 
Applications of Computers—See Analog 
Computer Applications:—Control of:; 
Computer Applications:—Control of: 
for Asynchronous Entry into Synchronous 
System 1367 
Computer for Bevatron Beam, Analog 
1447 
Devices: Transpolarizers 412 
of Missiles by Computers 53 : ; 
Pulse Generator for a Digital Differential 
Analyzer 1657 
for Radar Tracking, Adaptive 1778 
System: 
Components, Digital and Analog 172 
for Logical Block Diagnosis 915 
Simulation, Nyquist Plotter for Feed- 
back 1156 
Stability with Friction Present 1779 
Systems, 
Analog Computer: 
Compensated 175 
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Compensation of Sampled-Data 
1624 
Analysis of Aircraft Landing Gear 
1794 
Analytic Design of 1769 
Automatic Testing of Missile 1336 
Characteristics of Manual 312 
Deg of High-Order Bang-Bang 
Diode Function Generators in 17 
Evaluation of Adaptive 1773 
Flexible Space-Vehicle Booster 1772 
Linear Interpolator for Digital Pro- 
gram 895 
Minimal Time Discrete 1776 
Modified Lyapunov Method for Non- 
linear Stability Analysis of 1780 
Meee Strategy for Sampled-Data 
623 
Optimization under 
Constraints of 1770 
Partly Sampled and Partly Continu- 


Boundedness 


ous 813 

Sensitivity of Time-Varying Sampled- 
Data 1782 

eee of Differential Equations for 

28 

Survey of Computers in Automatic 
1455 

Synthesis Techniques for Sampled- 
Data 908 

Time-Optimal Control of Higher- 
Order 1622 


Units for Digital Computers, Design of 894 
-Word Techniques in Data Processing 406 
—See also Process Control 
Controllers for: 
Sampled Data Systems 906, 1216 
SE Vehicles, Digital Computer 
121 
Renate once Rates of Relaxation Procedures 
82 
Conversion, 
Analog-Digital—See Analog-Digital Con- 
version, Converters 
Binary-Decimal 158, 582 
Use of the Abacus in Number 979 
Conversion: 
of a Decimal Fraction, Binary 480 
for Storage Tube Deflection, Digital to 
Analog 289 
Converters, 
Analog-Binary 887, 893 
Analog-Digital—See Analog-Digital Con- 
verters 
Binary-Decimal 158 
Frequency-to-Shaft Position 18 
Magnetic: 
Core Logic for Card-to-Tape 416 
Tape to Paper Tape 1209 
Paper Tape to Magnetic Tape 43 
Converters—See also Encoders, Decoders 
Convex Programs, Duality Theorem for 1306 
Coordinate Converter, Binary Digital 1484 
COPE, Console Operator Efficiency Program 
1315 
CORDIC, Special 
Computer 582, 594 
Cores—See Ferrite Cores, Magnetic Cores 
Correction of Spelling Errors 947 
Correlation: 
Coefficients, Calculation of 619 
Computer, Analog 1611 
Functions by Orthogonal Filtering, Com- 
putation of 959 
Integrals, Machine for Evaluating 128 
Processes 210 
Correlator: 
Based on the Residue Number System, 
Digital 1476 
for Processing Radar Information, Digital 
1054 
CORSAIR: 
Digital Differential: 
Analyzer 1342 
Analyzer, Control Pulse Generation 
for 1657 
Coset Equivalence in Error-Correcting Group 
Codes, Use of 990 
Counters, 
Binary: 
Bidirectional 710 
High-Speed Carryless 1188 
Constant Weight 1189 
Decade 24, 143 
Latching 22 
Reversible Decimal 1672 
Shift Register 5 
Tr onsistor: 
Binary 144 
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Decade 143 
-Diode 1495 
-Magnetic Core 145, 1039, 1353 
Ring 141, 281 
Tunnel Diode 1179, 1190, 1345 
Counters: 
of Given Periods, Synthesis of Binary 
Ring 1226 
—See also Shift Registers 
COUNTESS Computer, Bootstrap Compiler 
for 1374 
Crowe Cell Storage Elements 700 
Cryogenic: 
Circuits, 
Optical Readout for 1670 
Special Solder for 702 
Components, Physical Characteristics of 
1167 
Oscillators 277 
Storage Elements 700 
—See also Crowe Cell, Cryosars, Cryo- 
tron(s), Superconducting 
Cryogenics: Refrigerative Requirements for 
Superconducting Memories 726 
Cryosars 411 
Cryotron: 
Digital-Analog Converters 157 
Networks by Computer Simulation, Tran- 
sient Analysis of 1351 
Ring Oscillators, Analysis of Thin Film 


1171 
Shift Registers, Analysis of Crossed-Film 
1673 
Woven Memory 1050 
Cryotrons, 


Characteristics of 276, 410, 1169, 1170 
Circuits Using 861, 1170 
Crossed-Film 1035, 1168 
Lead Attachment to 702 
Variation of Current Amplification Factor 
with Temperature in 862 
Current: 
Steering: 
Circuits Using Magnetic Cores, 704 
Transistors in a Parallel Adder, Use 
of 1183 
Switching Logic 1349 
Curve Fitting, 
Bounds Useful in 1714 
Direct Search Method for 1711 
Logistic 384 
Multidimensional Least Squares 676 
Nonlinear 521 
Optimal Approximation to 
Spaced Ordinates in 1714 
Polynomial Least Squares 820, 1398 
Recursive: 
Least Squares 1712 
Techniques in 107 
Total Error in Least Squares 1133 
Curve Fitting: 
by Line Segments, 
Least Squares 1552 
Ray of Dynamic Programming for 
L713 
—See also Least Squares 
Curve Plotter, 
Automatic 423 
ORACLE 574 
—See also Graph 
Cyclic: 
Codes—See also Chain Codes 
Error-Correcting Codes 393, 1430 


D 


pars, Computer Strategies for the Game of 
eR Real-Time Differential Analyzer 593 
ata: 
Acquisition, Transistor Building Blocks 
for 1456 
Acquisition Systems: 
Airborne 913 
200 Inputs 1784 
Weather Data 1445 
Assimilation, Real-Time 444 
Collection Devices 41 
Communication Tecniques, Digital 1436 
Display, Graphical Manipulation Using 
the TX-2 Computer in 1646 
Distribution Devices 41 
Handling, Tank Form 1082 
Processor, BMEWS Checkout 1334 
Recording: 
Systems 297 
Techniques 356 
Reduction, 
Catalog of Devices for 165 
Flight Test 445 
Reduction Programming System, GEN- 


Equally 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


DARE 1625 
Storage with Polarized Phosphors 548 
Switching Systems, Computer Simulation 


of 936 

Systems, Computer Simulation of AM 
1088 

Transmission, 


Automatic Error Recording in 1786 
Codes Correcting Dependent Errors 
in 836 
Errors in Digital 1438, 1439 
High-Speed Digital 1435 
Phase Reversal System for 
1787 
Real-Time Systems for 748 
Testing of Digital 1437 
Transmission: 
Circuits for SAGE 40 
Systems 51 
Techniques, Review of 1746 
Data Processing, 
Algebraic Business Language for Non- 
Numerical 1382 
Basic Functions for 1212 
Description of Ferranti-Perseus System 
for 590 
Dual Master File System for 49 
Fabrication and Interconnection of Micro- 
miniature Circuits for 1219 
Indexing and Control-Word Techniques 
in 406 
Multiple Program 1531 
Opportunities for High School Graduates 
in 398 
Photomagnetic Storage for 743 
Polymorphic Principle in 1213 
Positive Integer Airthmetic for 966 
Special Purpose Compiler Language for 
Statistical 1243 
Survey of European 1309 
Transistor Storage and Logic Circuits for 
1011 
Univac Routines for Management 1246 
University Administration 1078 
Variable Field Length System of 440 
Data Processing: 
Applications: 772 
Aviation 467 
Banking 455, 774 
Business—See Business Applications 
of Computers 
Concordances 941 
Government 539 
Indexes 941 
Insurance 1076 
Medical—See Medical Applications 
of Computers 
Military 912 
Payment of Bills 927 
Spectrometry 55 
Weather Radar 1299 
—See also Computer Applications 
Installation in a Large Company 776 
Problems, Computer Solution of 771 
Systems: 
Bendix G-20 1063 
GE-100 751 
IBM 7070 750 
MOBIDIC B 1061 
Mobile General Purpose 1062 
Optical 1060 
PILOT 439 
Voice 1065 
Debugging, Economical 427 
Debugging Procedures, Automatic 1129 
Ugeate Counters Using Cold-Cathode Tubes 
Decimal: 
—Binary: 
Conversion 158, 582 
Radix Comparisons 746 
Counters, Reversible 1672 
Fraction, Binary Conversion of a 480 
Decision: 
ro) Man-Computer Cooperation in 
Making to Air Surveillance Systems, Rela- 
tion of Human 1390 
Problems in Finite Automata 316 
Structure Tables, TABSOL Programming 
System Using 1369 j 
Decoder Using Current Steering Transistors, 
Binary 1183 
Decorders, 
Error Correcting 21, 580 
Transistor-Magnetic Core 1039 
—See also Conversion, Converters, En- 
coders 
Decoding, Morse Code 305 
Decoding; 
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Algorithms, Error-Correcting Codes 393 
Devices: Transpolarizers 412 
Nets: 378 
Minimization Using Graph Theory 
1354 
Networks, Minimal Complete Relay 1320 
Trees, Constant Weight 1189 
Decomposition of Switching Functions 1120 
Deductive Hypotheses, Use of Information 
Theory for Testing 987 
Delay: 
Circuits Using Cold-Cathode Tubes 24 
-Line for a PCM System, Magnetostric- 
tive 1173 
Lines, Miniature Wirewound 23 
Delays in Asynchronous Sequential Switching 
Circuits 498 
Deposited Magnetic Films as Logic Elements 
1031 
Derivatives, Numerical Evaluation of First 
1259 
Design Decision, Simulation of Computer 1474 


Design of: 
Computers Oriented Toward Spatial 
Problems 1 
Conditional Probability Computers 264 
Digital: 


Comparators 132 

Computers—See Computer(s), Digital 
Computer(s) 

Differential Analyzers 1685 


General Purpose Computers—See Gen- | 


era Purpose Computers 
Microwave Computers 545 
Resistance Network Analogs 266 
—See also Computer Applications: De- 
ie of:; Logical Design of:; Simulation 
of: 
Determinants, Theorem on Calculation of 1557 
DEUCE: 
Alphacode Translator 1247 
Computer, Translation Routine for the 609 
Diagnosis—See Medical Applications of Tran- 
sistors 
Diagnostic Monitor System 915 
Dictionaries, 
Compression of 476 
Input Device for Automatic 162 
Dielectric: 
Devices: Transpolarizers 412 
Films, Use of Evaporated 568 
Difference Equation Problems, Stability Con- 
dition for Partial 982 
Differential: 
Analyzers, 
Analog-Digital 1057 
Control Pulse Generator for 1657 
CORSAIR Digital 1342 
DART System 593 
Design of Digital 1685 
Digital Simulation of 226 
Polynomial Root Finding on 484 
Review of 306 
Simulation of Orthonormal Functions 
on 483 
Solution of Integral Equations on 
Repetitive 1413 
Systematic Scaling for Digital 954 
Transistor Circuits for Digital 1012 
—See also Analog Computers 
Equations, 
Active-Passive Network Simulator 
for 1415 
Analog Solution of: 84, 360 
Partial 359 
Automatic Solution of Ordinary 610 
Boundary Value Problems Involving 
Ordinary 514 
gh Reh Solution of Hyperbolic 
Error Accumulation in the Solution of 
Ordinary 1264 
pee ier Operators for Nonlinear 


Integration of 103 

Modification of Predictor-Corrector 
Methods for Ordinary 1732 

N-Step Solution of Ordinary 516 

Numerical Solution of Control 828 

Roepe Scars Solution of 202, 

Pseudocode Interpreter for 226 

Quasi-Diagonal Matrix Method for 
Solution of 1731 

Reduction of Storage in Solution of 
_Boundary Value 1733 

Simple Programming of Solution o{ 
_Simultaneous Linear 1412 

Simplification of Ordinary 386 

Solution of: 102, 387 : 
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Boundary Value Problems for 85 
Simultaneous Ordinary 1083 
Special Purpose Compiler for the 
Solution of Simultaneous 1260 
Stability of Solution of 384, 827 
Sturm-Liouville Systems of 1568 
Bee cD Errors in the Solution of 
Use of Method of Characteristics for 
_Isoenergetic Supersonic Flow 1443 
Equations: 
for Combat Vehicle Motion 1791 
by Resistance Analogs, Representa- 
tion of 266 
by Stationary Iterative Processes, 
Solution of 1258 
of Supersonic Flow, Solution of 1443 
—See also Partial Differential Equa- 
tions 
Differentiation, 
Iterative Method for Numerical 1559 
__ Technique for Analog 1452 
Differentiators for AC Computers 20 
DIGICOM Communication System, Address 
Selection in 1788 


Digital: 
Circuit Design, Boolean Matrix Equations 
‘in 505 
Circuits, Application of Three-Valued 


Logic to Base Three 1232 
Correlator for Processing Radar Informa- 
tion 1054 
Data Processing, Basic Functions for 1212 
Differential Analyzer, 
Control Pulse Generator for a 1657 
CORSAIR 1342 
Design and Application of a 1658 
Systematic Scaling for a 954 
Transistor Circuits for a 1012 
Differential Shaft-Motion Analyzer 1454 
Filters, Theory of Exponential 367 
Instrument for Spectroscopy 1759 
Operational Flight Trainer 600 
Recorders 159 
Shorthand for Words in Message Trans- 
mission 1302 
Simulation of Analog: 
Computers 226 
Systems 217 
System Construction, Use of 
Transistor Module in 735 
Systems, Error Correction for 1479 
Systems: 
by Means of Boolean Matrices, Syn- 
thesis and Analysis of 666 
—See also Digital Computers, Sys- 
tems 
Digital-Analog: 
Arithmetic Unit for a Digital Computer 
1326 
Controller for Sampled Data System 906 
Conversion: 
for Storage Tube Deflection 289 
Techniques 1059 
Converters, 575 
Catalog of 165 
Cryotron 157 
Function Generators 429 
Pulse Amplitude Interpolator 1343 
Simulation of Transient Field Problems 
1415 
—See also Analog-Digital 
Digital Computer: 
Applications—See Computer Applications 
Circuits, Transistor 140, 1013 
Complexity Requirements 130 
Controllers for Space Vehicles 1217 
Design, Machine Language in 263 
Elements: Parametrons 560 
Programming Techniques—See Program- 
ming Techniques. 
Storage Elements: RODS Sify ley: OAS) 
Systems, General Purpose: 911 
—See also General Purpose Com- 
puters, Systems 
Digital Computers, 
Airborne 436 
Arithmetic Units for 550 
Basic Circuits for 140, 1007 
Design of Control Units for 894 
Failure Rates for Transistor 304 . 
Indexing and Control-Word Techniques 
in 406 
Input-Output Units for 154 
Internal Sorting for 354 
Machine Language in 263 / 
Methods of Speeding up Arithmetic Op- 
erations on 1193 ee 
Microminiature 900 
Microprogram-Controlled 12 15 


Basic 


Subject Index 


Microprogramming 2 
Microwave 545, 694, 1001 
Pulse: 
Generators for 30 
Switching Circuits for 31 
Reconciling Various Character Set Pro- 
posals for 1244 
tee of Operator to Control Loop of 
Residue Class Arithmetic for 1191 
Space Guidance 547 
Survey of: 
British 403 
Commercial 257 
Symbolic Design of 261 
Use of: 186 
Evaporated Films in 568 
Optoelectronic Devices in 699 
Parametric Oscillators im 560, 561, 
562, 563, 564, 568 
Digital Computers: 
ACE 303 
ATHENA 52 
ATLAS 1064 
BESM 598 
CADET 304 
CORDIC 582, 594 
DART 593 
Ferranti-Perseus 590 
GE-100 751 
IBM—See IBM 
LEM-1 597 
LEPRECHAUN 734, 735 
MAUDE 305 
MOBIDIC 1061 
MUSASINO-1 599 
PILOT 439, 591 
RCA 501 592 
RCA 601 1338, 1654 
Siemens 595, 2002 
SPUD 753 
STANISLAUS 752 
STRETCH 746 
TRADIC 742 
TRANSAC 177, 749 
UNIVAC: 302 
Solid-State 438 
URAL 596 
X-1 301 
for Aircraft Control 177 
for Automatic Position Surveying 442 
for Solution of Field Problems 587 
to Turing Machines, Relation of 129 
—See also Computers 
Digitalized Pickoff Display Converter for 
Radar Systems 888 
Diode: 
—Capacitor Memory Systems 152, 874, 
1049 
Function Generators: 
Approximation Errors 730 
Biased 430 
in Control Systems, Applications of 17 
Using Ganged Potentiometers 729 
Logic, Back-Transient 1003 
Microwave Circuits 558, 559 
Rings as Four-Quadrant Multipliers 707 
-Steered Magnetic Core Memory 876 
Transistor: 
Logic 1006 
NOR Circuits, Design of 1005 
Diodes, ; 
Binary Adders Using Negative-Resistance 


11 
Diffused Computer 696 
Digital Circuitry Using Tunnel 1179 
High-Speed Switching 274 
Millimicrosecond Silicon 133 


Diodes for: , 
Drift Correction in Operational Amplifiers, 
Use of 867 
High-Speed Logical Circuits, Use of 
Esaki 1004 
Use in Parametric Oscillators 562, 563 
Direct: 
-Coupled Transistor Logic 9, 556, 1006, 
1009 


Search Procedures for Numerical and 
Statistical Problems 1711 


Directory, Computer 542 ’ = 
Discrete Information Channels with Finite 
Memory, Calculation of Canacity of 989 

Display, 
P Ga iiscope Alphanumeric 1504 
Character 577 
Computer 798 


Display: 
OE ete, Digitalized Pickoff 888 


Devices: Ferreeds 698 
Panels, 
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Digital Data 1681 
Optoelectronic 699 
Systems, 
Asynchronous Circuits for Entering 
Data into 1367 
Computer Output 578 
TX-2 Electrostatic 1505 
with Polarized Phosphors, Data 548 
Displays, 
Computer Generated 1366 
_ Encoding Techniques for Visual 1205 
Divider, Accurate Analog Multiplier and 1763 
Divider-Multipliers, Transistorized 10 
Dividers—See also Arithmetic Units 
Division, 
Algorithm for Rapid Binary 1649 
Mathematical Procedure for Machine 379 
Methods of Digital 4 
Soe Algorithm for Multiple Precision 
Short-Cut for Digital 8 
Division: 
Se Statistical Analysis of Binary 
Using Exponential Discharges 736 
Domain Walls in: 
Ferrites, Fast Switching by 1024 
Thin Ni-Fe Films 851 
Double Precision Arithmetic 283 
Drift: 
in ere Computers, Minimization of 
Correction in Operational Amplifiers, Use 
of Silicon Diodes for 867 
Driving Systems for Core Memories 35 
Drum: 
—Memory Computers, Program Optimi- 
zation for 925 
Storage, Large 1364 
Drums, 
Storage Density of Magnetic 150 
Track Switching for Magnetic 16, 151 
—See also Magnetic Drum 
Dual-Polarity Logic in Switching Networks 507 
Duality Theorem for Convex Programs 1306 
DYANA Compiler for Analysis of Dynamic 
Systems 1372 
Dynamic: 
Programming: 
so ee Synthesis, Application of 
81 


to Piecewise Curve Fitting, Applica- 
tion of 1713 
to Sequential Machines, Application 
of 838 
—See also Linear Programming 
System Synthesizer 1610 


E 


Education, 
Computer Revolution in Engineering 1313 
Use of Computers in 1146, 1147, 1148 
Education: 
Computer Processing of Classroom Sched- 
ules 1630 
Impact on Industry of Computer-Trained 
Engineering Graduates 1312 
Organization of a University Computing 
Center 1314 
—See also Personnel 
Educational Program in Computing 683 
EDVAC Synchronous Magnetic Drum 881 
Eigenvalues, 
Comparison Theorems 
Functions of 1729 
Lower Bounds for 1727 
Preconditioning of Matrices for Computa- 
tion of 1410 
Eigenvalues: 
of Matrices, Computation of 513 
of Symmetric Matrices, Householder’s 
Method for 1135 
of a Symmetric 3X3 Matrix 1726 
by Unitary Triangularization, Computa- 
tion of 1408 
—See also Matrices 
Eigenvectors: 
of Matrices, Calculation of 104, 675 
for a Matrix from Particle Physics 1407 
Elapsed Time Computation in Analog Com- 
puters 849 
Electrical: 
Network Functions 215 
Networks: 
by Graph Theory, Treatment of 502 
Using Linear Programming, Logical 
Design of 1140 
—See also Networks 
Electrc leposited Memory Elements 1034 
Electrodeposition of Twistors 864 


for Symmetric 


§22 


Electroluminescence, 413 
Solid-State Devices Using 699 
Electroluminescent: 
Devices, Increasing the Brightness-Volt- 
age Nonlinearity of 1174 
Pattern Recognizer 1706 
Electron Beam Frequency Division 567 
Electro-Optical: 
Shift Register 418 
Switches 550 
Electrostatic: 
Circuit Elements: Transpolarizers 412 
Display System, TX-2 1505 
Memories, Design of 873 
Storage, Barrier Grid 37 
Elliptic Functions for Time Delay Networks 
870 
Emitter Follower and Diode Logic 1348 
Encoders, 
Analog-to-Digital 886 
Error Correcting 21, 580 
Shaft-Angle Digitizing 1793 
Twelve Digit 893 
Use of Shift Registers as 848 
—See also Converters, Decoders 
Encoding, Squoze 326 
Encoding: 
of Arbitrary Geometric Configurations 
1701 
of Documents, Automatic 48 
Techniques for Visual Displays 1205 
Engineering: ; 
Applications of Computers—See Com- 
puter Applications 


Problems, 
Automatic Programming Techniques 
for 481, 766 


Combined Analog-Digital Simula- 
tion of 1090 
Simple Algebraic Language for 606 
English, Computer Analysis of Scientific 1695 
English: 

Text, Minimum “Ones” Binary Code for 
535 

Words as Computer Input 324 

Equation Sets, Computability and Computa- 
tion Order of 1070 

Equations—See also Algebraic Equations, Dif- 
ferential Equations, Integral Equations, 
Linear Equations, Simultaneous Equations 

Equipment, Computer—See Analog Com- 
puters, Components, Computers, Digital 
Computers, Input-Output, Special Purpose 
Computers, Subsystems, Systems 

Equivalence Declarations in Compilers, Al- 
gorithm for 1687 

ERA 1103A Computer, Optimum Coding for 
953 

Error: 

Accumulation in the Solution of Ordinary 
Differential Equations, Theoretical and 
Experimental Study of 1264 

in Algebraic Processes, Round-off 1252 

Analysis: 

Diode Function Generators 730 
of a Fire Control Digital Computer 
1108 
in Floating Point Arithmetic 511, 963 
of Bees Computation of Integrals 
64 
on Roots of a Polynomial 1724 
Error: 
Bounds: 
for Runge-Kutta Procedures 831 
in Hyperbolic Systems 1416 
Bursts, Binary Codes for 533 
Checking: 
Codes 992 
Modular System for Adders 955 
of Telephone Circuits, Statistics for 
1752 
Correcting: 
Codes, 
Binary 993, 1304, 1305, 1431 
Bound for the Length of 1432 
Cyclic 393 
Design Methods for Maximum 
Minimum-Distance 837 
Nonbinary 994 
P-Nary Adjacent 1138 
Transformation of 1137 
Use of Coset Equivalence for 990 
Codes for: 
Arithmetic Operations 1303 
Asymmetric Channels 531, 532 
Asymmetric Channels, Minimum 
Polarized Distance 1747 
Clustered Errors 1136 
Data Transmission 836 
Error Bursts 533, 534, 1136 
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Memoryless Channels 1581 
Multiple-Level Transmission 1583 
Nonbinary Balanced Channels 
1582 
Codes—See also Information Theory 
Correcting Encoders and Decoders 21, 580 
Correction, 
Philosophy of Automatic 658 
Two-Dimensional Parity Systems for 
1651 
Correction: 
in Arithmetic Operations Using a Re- 
flected Binary Code 965 
for Data Transmission, Survey of 1746 
in a Decimal Computer, Programmed 


1650 

in Potentiometer Function Genera- 
tors 1153 

for Synchronous Digital Systems 
1479, 1579 

Using Error Detection Circuitry 659 

Detecting: 

Codes for Use with Retransmission 

1748 


and Correcting Codes 376, 834, 835 
Detection, Cyclic (Chain) Codes for 1430 
Detection: 

in Business Systems, 50 

in Noisy Computers 660 

in RF Pulses 1742 

System for Teletypewirter 

mission 899 

in Tape Processing Systems 44 
Determination in Analog Computers 1109 
Diagnosis in the HEC-4 Computer 357 
Distributions in Digital Data Transmis- 

sion 1439 
Estimates for a Gaussian Quadrature 
Formula 1563 
Estimation in: 
the Numerical Solution of Laplace’s 
Equation 385 
Runge-Kutta Procedures 251 
in the Graeffe Root Squaring Method for 
Polynomials, Truncation 830 
in Inquiries to File, Correction of 1697 
in a Least Square Power Series, Measuring 
1133 
Limitation in Analog Computer Circuits 
358 
of a Linear Interpolator 895 
Propagation in Unnormalized Floating 
Point Arithmetic 479 
Rate in Pattern Recognition, Minimiza- 
tion of 1702 
Recording in Data Transmission, Auto- 
matic 1786 
Reduction in Operational Amplifiers 868 
Theory, Bibliography on 1560 : 
Errors, 
Automatic Detection of Scaling 1105 
Correction of Spelling 947 
Errors: 
of Analog Computers 169 
in Digital Data Transmission 1438 
in Hall Effect Multipliers 1041 
in Magnetic Tape Systems, Determina- 
tion of Probability of Undetected 695 
in the Solution of Differential Equations, 
Truncation 829 
—See also Reliability 
Esaki Diode—See Tunnel Diode 
Estimation to Simulation and Monte Carlo 
Procedures, Application of Sequential 93 
European: 
Computer Technology, Survey of 1635 
Computers, Central 688 
Bech Data Processing, Survey of 
09 
Evan e of Radar Systems, Blip Samples for 
8 
Evaluator, Truth Function 579 
Ae Operations for Instruction Sequencing 
Exponential: 
Integral to Integration, Application of the 
Complex 1710 
Stochastic Model for Computer Uptime, 
Double 1104 
eer ea ae Using Exponential Discharges 


Trans- 


Extraction of Roots 254 
Extreme Environments, Miniature Memory 
Planes for 1048 
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Failure Recovery in Data-Processing Systems, 
Automatic 228 
Families of Machines, Programming Com- 
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patibility for 1234 ‘ 
Faulty Circuits, Program for Locating 1335 _ 
Feedback Control Systems, Quantization in 
172 
Ferranti Orion Computer 1483 
Ferranti-Perseus Data-Processing System 590 
Ferreed Switching Devices 698 
Ferrite: 
Core Switching, 278 
Analysis of 1490 
Cores, me 
Impulse Switching Mode of Driving 
ae! 
Nondestructive Sensing of 292 
Production of 269 
Residual States of 270 
Cares—See also Magnetic Cores 
Film: 
Logic and Storage Devices 1020 
—See also Magnetic Films 
High-Speed Storage Systems 720 
Magnetic System, Description of a New 
272. 
Memories, Use of Impulse Switching in 
571, 719 
Memory: 
and Logic Elements 565 
Planes, Miniature 1048 
Multiaperture Devices 267 
Plate Memories 34 
Plates, Multiaperture 1163 
Sheets 267 
Store, Transistor Circuits for a 1018 
Switching Rates, Effect of Previous His- 
tory on 1023 
Toroid Core Circuit Analysis 1491 
—See also Magnetic 
Ferrites, 
Fast Switching by Domain Walls in 1024 
Switching Properties of 271 
Ferroelectric: 
Coincident Voltage Matrix Memory 885 
Components 550 
Devices: Transpolarizers 412 
Memory: 
Matrices 714 
Units 15 
Shift Registers 713 
Storage Devices 139 
Ferroresonance, 
Circuit Logic Using 866 
Switching Elements Using 1145 
Fibonaccian Searching 1381 
FIELDATA Computers, Programming Com- 
patibility in 1234 
File: 
Organization and Maintenance 1458 
System, Multiaddressable Random 
Access 1282 
SU ere for Data Processing, Dual Master 


Theory 1382 
Updating, Use of Cumulative File in 478 
Filing, Use of Computers for 69 
Filing Programs 331 
Film: 
Editor for Trace Recognition 1703 
Memories, Survey of Magnetic 1195 
Readers 728 
—See also Magnetic Films, Thin Films 
FILTER: A Program for Nuclear Event Pat- 
tern Recognition 1385 
Filtering Systems, Optical 1060 
Filters, 
Design of: 
Electrical 216 
Multilayer Optical 203 
Exponential Digital 367 
Time-Varying Linear Binary 1130 


Wiener 396 
Filters for: 
Linear System Identification, Use of 


Cross-Correlation 1775 
Nonstationary Random Processes, Op- 
timization of 1740 
Finite Automata, 313, 316 
Characteristics of 1321 


Al Characterizing Experiments for 


Pattern Recognizing 1543 

State Assignment for 1642 

—See also Automata 
eons Disk Magnetic Recorder (Storage) 
Flight Trainers, System Organization of 600 
FLIP: High-Speed Arithmetic Unit 1330 
Floating Point: 

Arithmetic, 

Analysis of 238 
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Digit Significance Checking in 2 
malized 964 s mies 
Error Analysis in 511, 963 
Normalized and Significant Systems 
for 511 
Unnormalized 479 
Representations, Base Conversion for 1132 
Bow 
hart Replacement by Decision Stru 
Tables 1369 “ org 
a Application of Graph Theory to 
Diagrams Using Boolean Matrices, Analy- 
sis of 1129 ‘ 
Table Logic 1323 
Fluxlok Technique for Nondestructive Core 
Memory 1198 
Flying Spot: 
Photographic Storage 573 
Scanning Card Reader 910 
Storage, 
Beam-Positioning Servo for 288 
System Design of 286 
Storage for Computer Memories 36 
Farm Matrices, Boolean Algebra 506 
gs Systems, Machine Manipulation of 
Formula Translation, Algorithms for 610 
FORTRAN, 
Fonnal Description of 332 
List-Processing Language Based on 924 
Variable Buffering Technique for 762 
FORTRAN: 
Automatic Coding: 67 
System, Arithmetic Translator-Com- 
piler of the 332 
FOSDIC 728 
Four-Quadrant Analog Multiplier 432 
Frameworks I and II, Automatic Programming 
Systems for 767 
Frequency: 
Division by an Electron Beam 567 
Cee Circuits for Analog Computers 
1 
-Shift Transmission, Improved Decision 
Technique for 1585 
Friction on Stability of Control Systems, Effect 
of 1779 
Function: 
Approximation by 
nomials 1553 
Computation, Generation of Subroutines 
for 1526 
Evaluation, Automatic Program for 769 
Generation, Servos for 584 
Generators, 
Approximation Errors in Diode 730 
Cold-Cathode Selector Tube 1614 
Digital-Analog 429 
Diode 17, 430, 729 
Error Correction in Potentiometer 
1153 
Forcing 1615 
Operational Amplifier 731, 732 
Photographic 897 
Potentiometers as 19 
Quadratic Interpolation in 285 
Rotating: 
Cylinder 891 
Disk 431 
Sawtooth 892 
Space Card 583 
Transpolarizer 412 
Trigonometric 156 
Universal 155 
Varistor 1451 
Generators: 
in Nonlinear Control Systems, Use of 
17 
Squares Generation with Nonlinear 
Resistors 733 
Functional: 
—Array Logic, Use of 1031 _ 
Canonical Form for Multiple Output 
Switching Circuits 662 
Equations in Adaptive Processes and Ran- 
dom Transmission 527 
Operators, System Handling of 1685 


Orthogonal Poly- 
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Game: eesti 
Playing Studies on GO and RENjJ 
1708 = fe 
Theory to Linear Inequalities, Relatton 
of 1425 
Games, 


Application _ of Computers to—See 


Checkers, Chess, Dama _ 
Survey of Computer Techniques for Play- 


ing 1396 
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GAT Programming System with RUNCIBLE, 
Comparison of 1371 
Gating Elements: RODS 134 
GE-100 Data Processing System 751 
GENDARE Programming System 1625 
General Purpose: 
Computers, 
Hypothetical Stored Program 127 
Logical Design for 127, 261 
Minimum Logical Complexity Re- 
quired for 130 
Computers: 
for the B-70 Air Vehicle 1457 
CG24 1472 
Packard Beli 250 1337 
PASCAL 1655 
PILOT Data Processor 439 
Transistor Analog 168 
Univac Solid-State 438 
—See also Analog Computers, Digital 
Computers, Special Purpose Com- 
: puters 
Microprogram-Controlled Computer, Con- 
struction of a 1215 
Generalized: 
Algebraic Translator 453 
Computers, Symbolic Design of 261 
Generation of: 
Normal Deviates 457 
“Pronounceable Names” 1534 
Random Numbers—See Random Num- 
bers 
Generators, 
Binary Word 890 
Function—See Function Generators 
Geometric Configurations, Numeric Encoding 
of 1701 
Geometry Proving Machines 60, 1251 
German: 
-English Translation, Pronoun and Prep- 
ositional Ambiguities in 524 
Sentence Recognition in 
Translation 948 
Germany, Switching Research in 1144 
Glossaries of Computer Terminology 122 
Glossary, Automatic Computer Construction 
of a 1281 
Glow Counting Tube Readout Circuits 569 
Goal-Seeking Procedures, Optimization of 317 
Goto-Pair Tunnel Diode Logic Circuits 1179 
Grader for Programming Instruction, Auto- 
matic 1148 
Grammars, Formal Properties of 522 
Grammars for Phrase Structure Languages, 
Method for Discovery of 1293 
Graph: 
Plotters, Design for Automatic 423 
Plotters—See also Curve 
Plotting, Adaptation of Punched Card 
Equipment for 918 
Theory, Synthesis of Switching Functions 
by Linear 1121 
Theory: 378 
and Decoding Nets 1354 
Enumeration of Trees by Height and 
Diameter 1420 
Exceptional Case in the Characteriza- 
tion of Arcs of a Complete Graph 
1570 
Graph Analysis 
Methods 1230 
Minimum Paths in Network with 
Turn Penalties 1569 
Moore Graphs with Diameters 2 and 
3 1421 
Realizability of Irredundant Boolean 
Branch Networks 817 
Topological Ordering of Randomly 
Numbered Network Elements 1736 
Theory to: ee 
Computer Programming, Application 
on d23ia0 Lovit ; 
Contact Networks, Application of 
1125 
Electrical Networks, Application of 
502 
Network Theory, Application of 1231 
Precedence Matrices, Application of 
1229 
Gray Codes: ‘ 
for Arithmetic Operations 965 
aud Paths on the n-Cube 991 
Group: , 
ss Code Equivalence and Optimum Codes 
529 
Codes, Analysis and Decoding of 990 
Codes for Error Detection and Retrans- 
mission 1748 


Mechanical 
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Habit-Forming, Mechanical Simulation of 603 
Hadamard Matrices to Coding Theory, 
Application of 530 
Hall Effect: 
Multipliers 147, 1040 
Multipliers, Errors in 1041 
Hamming Codes, Generalizations of 992 
Hazards in Switching Networks 498, 664 
BS ee in the Computing Process 
aoe Computer, Testing Programs for the 
Heuristic: 
Methods Used in Learning Machines 60 
Principles for Problem Solving 449 
Programming: 
for Computers 1384 
Systems, Evolution of 1548 
—See also Problem Solving 
High: 
DES Magnetic Recording Techniques 
Frequency Pulse Circuits 27 
School Graduates, Opportunities in Data 
Processing for 398 
-Speed: 
Logic, Matrix Synthesis of 374 
Printer, NORC 424 
Sorting Procedures 477 
Hiring of Programming Services and Machine 
Time 402 
History of Computer Development 259 
Human: 
-Computer Cooperation in 
Making 1549 
Dynamics, Computer Study of 636 
Factors in Computer Design 1466 
Performace in Character-Recognition 1289 
—See also Man 
Hybrid: 
(Analog-Digital) Computers, 847, 905, 
1415, 1619 
—See also Analog-Digital, Digital-Analog 
Hypotheses, Use of Information Theory for 
Testing 987 
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I 
IBM: 
Military Computer System 912 
RAMAC, Information Storage and Re- 
trieval Using 795 
650 Computer, 
Assembly Program for the 926 
RUNCIBLE Compiler for 770 
Statistical Programs tor the 637 
650 Programming Systems, Comparison 
of GAT and RUNCIBLE 1371 
704 Printing 160 
709 Tape Matrix Compiler 608 
7070 Data Processing System 750 
7074 System 1339 
STRETCH Computer 406 
Identifiers in Language Processors 452 
Illinois Computer, Organization of the 586 
Image Transmission, Storage and Display 699 
Implicitly Defined Quantities, Evaluation of 
610 
Impulse Selection for Magnetic Core Logic 
1489 
Incremental Computer for Nonlinear Analytic 
Functions 897 
Index, Mechanization of a Large 1279 
Index Register 474 
Indexes, Compliation of Analytical 941 
Indexes: 
for Technical Literature, 
Machine-Made 79 
Use of Memories as 3 
—See also Information Retrieval 
Indexing, 
Recursive 323 
Relative Frequency Method of Auto- 
matic 1698 
Indexing: 
in Data Processing 406 
of Library-Stored Information 1278 
by Shift Register Code 669 
System, Enriched Coordinate 1275 
Technique, Probabilistic 1277 
Induction Energy Meters as Integrators, Use 
of 902 
Inductive: 
Hypotheses, Use of Information Theory 
for Testing 987 
Time Measurement Circuits 551 
Inequalities, Systems of Linear 1425, 
Inertial: 
Guidance Systems, Analog-Digital RC In- 
tegrator for 1453 
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Selection for Magnetic Core Logic 1488 


Information, Coding of 119 
Information: 


Channel Capacity of Model Neurons 1592 
Converters Automatic 846 
Disseminating Systems 48 
Handling 772 
Loss and Recovery by Coarse Observa- 
tion in Stochastic Chains 1301 
Lossless Machines, Canonical Forms for 
494 
Processing: 
for Machine-Tool Control 641 
Systems 124 
—See also Data Processing 
Searching, Digital Computers for 472 
Storage, Indexing System for 1275 
Theory, Cutoff Rate for Asymmetric 
Channels in 1743 ‘ 


Information Retrieval 


Association Factor in 1536 

Associative 1676 

Card Format for Reference Files in 1537 

Design of Intelligent Machines for 1535 

Enriched Coordinate Indexing System for 
1275 

Large Scale Programming System for 1519 

Multiaddressable Random Access File 
System for 1282 

Probabilistic Indexing for 1277 

Redundancy Exploitation in 1395 

Role of Large Memories in 3 

Russian Investigations into Chemical 
1757 

System for 1643 

Table Look-at Techniques for 1691 

Theory of Files Applied to 1382 

Trie Memory Concept for 1280 

Use of Mathematical Symbols for 1276 


Information Retrieval: 79, 80, 126, 221, 356, 


472, 642 
Automatic Abstracting and Indexing 
1698 
Clinical Research Data 1590 
Computer: 
aCe of Chemical Compounds 
96 
Search of Natural Language Text 
1278 


Handling of Errors in Inquiries 1697 

Indirect Chaining Method for Addressing 
1699 

in Linguistic Analysis, Table Look-Up 
Machine for 1693 

Mechanization of a Large Index 1279 

Methods of Addressing 807 

Patent Searching 799 

Photomagnetic Storage 743 

Prime Number Coding 1095 

Random Access Memories 795 

—See also Abstracting, Indexing, Search- 
ing 


Information Theory: 


Application of Hadamard Matrices to 
Coding Theory 530 
Binary Codes for: 
English Text 535 
Error Control 1431 
Bound for Error-Correcting Codes 1432 
Calculation of Smoothing and Prediction 
Operators 118 
Capacity of Discrete 
Memory 989 
Code Compression for Alphabetic Trans- 
mission 1302 
Codes for Signal Communication 1578 
Coding: 
Digital Data for Transmission 1787 
and Transmission of Information 119 
Composition of Computer Music 988 
Computation in the Presence of Noise 117 
Cyclic Codes for Error Detection 1430 
Decodable Code-Word Sets 395 
Error: 
Correcting: 
Bose-Chaudhuri 
1305 
Codes for: 
Arithmetic Operations 1303 
Memoryless Channels 1581 


Channel with 


Codes 1304, 


Multiple-Level Transmis- 

sion 1583 
Nonbinary Balanced Chan- 

nels 1582 
Synchronous Digital Sys- 

tems 1579 
Correction for Data Transmission 


1746 
Detecting Codes for Use with Re- 
transmission 1748 
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Detection in RF Pulses 1742 
Statistics and Coding for 
Transmission 1752 
Gray Codes and Paths on the n-Cube 991 
Group Code Equivalence and Optimum 
Codes 529 ; 
Improved Transmission Data Processing 
Code 1745 
Information Preserving Machines 494 — 
Methods for Obtaining Complete Digital 
Chains 1429 
Minimum: 
Polarized Distance Codes 1747 
—Redundancy Coding for the Dis- 
crete Noiseless Channel 1580 
Morse Code Distribution 394 
Quantities of Information 526 
Testing of Inductive and Deductive 
Hypotheses 987 
Theory of Adaptive Control Processes 527 
Rae niaicn Through Random Media 
52 
Variable-Length Binary Codes 528 
Wiener Filters 396 
—See also Codes, Error-Correcting Codes 
Inhibit Circuit, Ferroresonant 866 
Inhibited Flux Operation of Three Hole 
Memory Cores 294 
Initial Conditions in Computer Simulation 
1618 
Input: 
Device for an Automatic Dictionary 162 
Film Readers 728 
Routines for Computers 61 
Input-Output: 
Automatic Digital Recording and Trans- 
lating on Photographs 38 
Buffering: 
Compilers 762 
for the SHARE 709 System 327 
Buffers 576 
Character Reading 39 
Communicating with Computers 41 
Data Conversion 42, 43 
Devices 41 
Devices, Catalog of 165 
Display 577 
Equipment: Display Panel Design 1681 
Executive Program for Philco-2000 1510 
Large Data Systems 40 
in Natural Language, System with 1643 
Programming, Proposed SHARE Con- 
ventions for 1636 
Real-Time 444 
SAGE Data Systems 40 
Translation: SHARE 709 System 328 
Units: 
Character Generation 577 
For Digital Computers 154 
Digital Temperature Recorder 1211 
Encoding Techniques for Visual Dis- 
plays 1205 
Error-Detection System for 
typewriter Transmission 899 
High-Speed: 
Card Reader 1206 
Tape Readers 1207 
Hot-Wire Anemometer Paper Tape 
Reader 1365 
Maximum Tansfer Rates from Mag- 
netic Tape 161 
Survey of High-Speed Printers 1210 
—See also Converters, Display, Func- 
tion Generators, Graphs, Magnetic 
Recording, Printers, Punched 
Cards, Readers, Recorders 
for X-1 Computer 1204 
to Visual Display System, Asynchronous 
Circuits for 1367 
Instruction Sequencing, Execute Operations 
for 952 
Instructions, 
Optimum Coding for ERA 1103A Com- 
puter 953 
Production of Machine Language 62 
Integral: 
Equations, 
Generalization of Wiener-Hopf 1740 
Solution of 88 
Equations: 
for Flow Pattern Analysis at High 
Subsonic Speeds Past an Incident 
Wedge 1756 
on a Repetitive Differential Analy- 
zer, Solution of 1413 
Evaluation in Terms of the Complex Ex- 
ponential Integral 1710 
Formulas, Maximally Stable 1263 
Formulations of Engineering Problems, 
Solution of 128 
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Transforms, Finite 1414 
Integrals, 
Errors in Computation of 1564 
Series Evaluation of Elliptic 679 
Tables of Howland’s and Related 1562 
Integrated: 
Circuits, Binary Adder 1487 . 
Electronic Circuitry Using Unipolar 
Transistors 889 
Logic Devices 408 
Magnetic Circuitry for Sequential Op- 
erations 865 
Integrating: 
Operations for 
Equations 1262 
Systems with Numerical Readout 32 
Integration, 
Bibliography on Approximate 1560 
Convergence of Gaussian Quadrature 1563 
Digital 1342 
Modification of Predictor-Corrector Meth- 
ods for Numerical 1732 
Numerical 983 
Programming Language for 1685 
Round-Off Error in 1411 
Technique for Analog 1452 
Integration: 
on Analog Computers, Generalized 482 
of Differential Equations 103 
Formulas, Stability of 517 
Using Sums of Exponential Functions 1561 
Integrator: 
with Digital Output, Analog RC 1453 
for the Perception Program, Magnetic 
1218 
Integrators, Induction Energy Meters as 902 
Intelligence, Computer Study of 1248 
Ingelligence: 
Simulation: Computer Strategies for the 
Game of Dama 1069 
Systems, Business 48 
—See also Artificial Intelligence, Games, 
Thinking, Perceptrons 
Intelligent: 
Behavior in Problem-Solving Machines 60 
Machines, Design of 1535 
Problem Solvers, Programming 1548 
Intercode, an Autocode for AMOS Computer 
612 
Interconnection of Microminiature Circuits 
1219 
Internal Variable Assignments for Sequential 
Circuits 976 
International: 
Algebraic Language, 
ALGOL 60 1241 
Syntax and Semantics of the 1240 
Algebraic Language: (IAL) 179, 319, 320 
—See also ALGOL 
Interpolation, 
Multivariate 249 
Nonoscillatory Polynomials for 1401 
Smooth 1401 
Interpolator, Linear Digital 895 
Interpolator for: 
Digital Program Control Systems 896 
Pulse Amplitude, Digital-Analog 1343 
Interpretative Programs 185 
Interruption Technique for 
Arrangements 1204 
Inversion: 
Complexity of Systems of Boolean Func- 
tions 100 
of Nonsymmetric Matrices 109 
Irreversibility of | Computing 
Thermodynamic 1644 
Interation Techniques, Programming 73 
Iterative: 
Method of Numerical Differentiation 1559 
Methods for: 
Nth Roots, Comparison of 1555 
Root Extraction 111 
Solving: 
Problems 33 
Systems of Linear Difference 
Equations 1567 
Predictor Selection 201 
Processes, Nonanalytical 252 
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Computer Industry, Survey of the 844 
Computers, Descriptions of Leading 693 
from English Mechanical Translation, 
Reading Machine for Use in 1292 
Judgments, Computer Probability 315 
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Language, 
Extension of Newell-Simon Information 
Processing 1535 
International Algebraic 179, 319, 320 
Machine: 
Independent (SLANG) 1513 
—See also Machine Language 
Syntax and Semantics of the International 
Algebraic 1240 
Language: 
Analysis, Table Look-Up Procedures in 
1694 
Analysis: 

by Computer, English 1695 

Machine Based on Table Look-Up 
1693 

for Automatic 
Structure 1373 
for Handling Functional Operators, Pro- 
gramming 1685 
Processors, Identifiers in 452 
for Scientific Numerical Work, Determina- 
tion of a Common 1239 
ae ears Translation, Mechan- 
ica 
—See also ALGOL, Programming Lan- 
guage 
Languages, 
Method of Discovering Grammars for 
Phrase Structure 1293 
Programs Written in List-Processing 1520 
Universal Computer-Oriented 64 
Learning, Simulation of Animal 264 
Learning: 
In Conditional Probability Computers 602 
Machines—See Machine Learning 
Model, Natural Language 1708 
Processes, Mechanical Simulation of 603 
Scientific Information 126 
—See also Intelligence, Thinking 
Least Squares: 
Checking of Crystallographic Computa- 
tions 788 
Curve Fitting, 

Multidimensional 676 

Techniques in 107 

Total Error in 1133 

Curve Fitting: 
to the Logistic Curve 389 
by Orthogonal Polynomials 1398 
Data Smoothing, Optimizing of Weights 
for Recursive 1712 
Fitting of a Great Circle 1400 
to Lens Design, Application of 459 
Method 206 
Optimal Approximation of Curves by Line 
Segments 1552 
Polynomial Curve Fitting 820 
Smoothing, Linear 118 
Surface Fitting 1551 
LEM-1 Computer, Description of the 597 
LEO Computer to Market Research, Applica- 
tion of the 1460 
LEO Computers, Evolution of Design Philos- 
ophy of 1656 
LEPRECHAUN Solid-State Computer 734 
Letter-Sorting Machine, Code Translator for 
1052 
LGP-30 Computer Evaluation 1634 
Library, Program 334 
Library: 
Applications of Computers 80 
of Radar Video Blip Samples 178 
Search by Assigning Measures of Relev- 
ance 1277 
—See also Information Retrieval __ 
Light Pen Linkage for Cathode-Ray Display 
Tubes 727 F : 
Limiters for Generating Nonlinear Functions, 
Precision 731 
Linear: ‘ 
Difference Equations, Iterative Methods 
for Solving 1567 el 
Dynamic Systems, Complex-Curve Fitting 
for 520 
Equations, 

Improvement of Convergence Rate 
for Richardson’s Method for Solv- 
ing 1253 ; 

Iterative Solution of Simultaneous 
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725 
Solution of: 248 
Systems of 1556 . J 
Forms, Tchebycheft Approximations 
Using the Ratio of 1266 
Inequalities, Exposition of 1425 
Input Logic 1467 
Programming, 
ore ductive Proof of the 
Method for 1423 
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works Using 1140 
Programming: 187, 256, 536, 1425 
on Analog Computers 1739 
Applications: 
Backboard Wiring 1482 
Business Management 187 
Data Reduction 839 
Economic Distribution of Coal 
1308 
Economic Planning in the Petro- 
leum Industry 780 
Integer Formulation of Traveling 
Salesman Problem 1426 
_Job-Shop Scheduling 1141 
Decision Rule for Reducing Iteration 
in the Simplex Method 1307 
Duailty Theorem for Convex Pro- 
grams 1306 
to Linear Inequalities, Relation of 
1425 
Solution of Simultaneous Equations 
by Modified Simplex Method 1139 
Vector Transformation of Linear 
Constraints 680 
—See also Dynamic Programming 
Recurring Sequences, Autocorrelation 
Functions of 1419 
Simultaneous Equations by 
Pseudoinverse, Solution of 1406 
System: 
Approximation by a Differential 
Analyzer 483 
Identification Using Cross-Correlation 
Filters 1775 
Linearly Separable Switching Functions 1467 
Linguistic Analysis: 255 
—See also Languages 
Linguistics, | Theoretical—See 
Mechanical 
LISP Programming System, Exposition of 
1692 
List: 
Manipulation 323 
Maniputation, Multiple 1535 
-Processing: 
Language Based on FORTRAN 924 
Languages, Programs Written in 1520 
Storage, Overlapping and Erasure in 1394 
Structures 1692 
Literature: 
Abstracting 48, 940 
Searching, Role of Large Memories in 3 
—See also Information Retrieval 
Load-Sharing: 
Matrix: 
Switch 280 
Switches, 
Developments in 1202 
Optimal Noiseless 1201 
Selective Excitation, Principle of 35 
Logic, 
Axiomatic Majoirity Decision 1469 
Back-Transient Diode 1003 
Binary Counter Using Transistor-Diode 
1495 
Conditional-Sum Addition 1194 
Current Switching 1349 
Design of Pattern Recognition 1098 
Direct-Coupled: 
Transistor 9, 408, 556, 1006, 1009 
Unipolar Transistor 408, 1487 
Impulse Selection for Magnetic Core 1489 
Interial Selection for Magnetic Core 1488 
Languages of 1708 
Magnetic: 
Analogs of Relay Contact Networks 
for 1027 
Film Parametrons for Computer $60 
ROD 566 
Matrix Synthesis of High-Speed 374 
Techniques for Microwave 999 
Transistor-Diode 1348 
Transistor Module for High-Frequency 
1010 
Use of Thin Films for 568 
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Circuit Performance in Digital Systems, 
Statistical Analysis of 1333 
Circuits, 
All-Magnetic 1492 
Autosynchronous 546 ‘ 
Comparison of Magnetic Amplificr 
and Transistor 1017 
Cryotron 861 
Design of: 
Diode-Transistor 1605 
Semiconductor 1006 
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Transistor-Resistor 554 
Diode 1001 
Diodeless Magnetic Core 1185 
Fast Pulse 1661 
Kilomegacycle Subharmonic Oscil- 
lator 1350 
Magnetic Core: 416 
Amplifier 1663 
Microwave 415, 558, 559 
Nanosecond 557 
Paramtron 1177 
Photoelectronic 413 
Propagation Delay 
Resistor 553 
Relay 373 
Resistor-Transistor 281 
Transformer-Cupled Transistor 27 
Transistor: 9, 1011, 1183 
-Diode 1012 
-Magnetic Core 25, 278, 1353 
Tunnel Diode 1004, 1179, 1180, 1344, 
1345, 1485, 1660 
Circuits: 
Using Square-Loop Magnetic De- 
vices, Survey of 1662 
—See also Circuits, Counters, Code 
Converters, Switching Circuits 
of Computers—See also Mathematics of 
Computers 
Derived from Study of Neurons 1700 
Design Using TX-2 Graphic Display 1646 
Devices: 
Laddics 135 
Neuristors 1175 
RODS 134, 273, 1498 
for Digital Servo Systems 164 
Elements, 
Deposited Magnetic Films as 1031 
Efficiency of 242 
Ferrite Film 1020 
Magnetic: 
Film Parametrons as 1176 
Thin Film 1493, 1494 
Majority Decision 1223, 1542 
Microwave 1000 
Multiaperature Magnetic 136, 565, 
1028, 1667 
Sheffer Stroke 1224 
Tunnel Diode Locked Pair 1346 
Use of: 
Bilateral Nonlinear 543 
Multipurpose 1008 
of Fixed and Growing Automata 1067 
Functions, Realization of 278 
pase by Magnetic Core Matrices 
4 
Machines, Integrated Magnetic Circuits 
for 865 
to Machines, Relation of 1112 
of Machines: Theory of Asynchronous 
Circuits 1123 
Matrices and Truth Functions 506 
Nets, Optoelectronic 699 
Networks, 
Majority-Element 973 
Statistical Analysis of Transistor- 
Resistor 1181 
Synthesis of Threshold 1639 
Relations for Sequential Networks, State 
661 
Schemes, Bibliography of Magnetic 1666 
Stucture Tables for Machine-Aided Sys- 
tem Design 1645 
in Se Networks, Dual-Polarity 
50 
Systems, Transistorized Fast Pulse 555 
Systems Using Unipolar Transistors 408 
Technique, Dynamic 1184 
Using Ferroresonance, Circuit 866 
—See also Algebra(ic)(s), Symbolic Logic 
Logical: 
Analysis Device for Measuring Problem 
Solving Ability 1311 
Block Diagonsis, Control System for 915 
Construction of a Switching System, 
Simulation of the 343 
Design: Microprogramming 744 
Design of: 
All-Magnetic 
1665 
Computers, 
Basic Principles of the 127 
Complexity Requirements for 
the 130 
Digital Computer 127, 128, 130, 132, 
261, 262, 263 
Electrical Networks Using Linear 
Programming 1140 
Machines: Bibliography 121 
Magnetic Core Circuits 1467 
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Spatial Computers 1 
Independence, Conditions for 1113 
Machine Design, Bibliography of 685 
Networks, Computer Design of Multiple- 
Output 1473 oe 
Statements, Computer Program for Mini- 
mal Form of 937 : 
Systems by Dynamic Programming, 
Synthesis of 681 
Law: 
Flux-Density Materials for High-Speed 
Memory Elements 1029 
Temperature: 
Components: Cryosars 411 
Storage Elements 700 
—See also Cryogenic 
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Machine: 
Allocation, Monte Carlo Simulation of 614 
Language in Digital Computer Design 263 
Languages and Universal Compiling 63 
Learning, 
Formalization of 757 
Heuristic Techniques for 60, 449 
Improving 447 
Learning: 1249 
Illustration with Checkers 448 
Penny Matching Machines 758 
—See also Automata, Games, Learn- 
ing 
Logic: 
Theory of Asynchronous Circuits 1123 
—See also Logic 
-Made Indexes for Technical Literature 
79 
Manipulation of Formal Systems 369 
Organization for Microminiaturization 
1323 
Organizations, Comparison of 586 
Shorthand, Automatic Transcription of 
1099 
Tools, Control of 641, 896 
Machines, Bibliography on the Design of 
Logical 121 
Machines: 
with Logic and Set Theory, Connections of 
1112 
—See also Analog Computers, Com- 
puter(s), Digital Computers, Sequential 
Machines 
Macro-Instructions 
Definition of 760 
Storage of 744 
MAD Translator, Internal Organization of 
1512 
MADCAP: a Scientific Compiler for Textbook 
Language Formulas 1529 
Magnacard System 570 
Amplifier: 
Circuits, Analysis of 1017 
Multipliers 146 
Amplifiers, 
Analog Computer Design of 961 
i ne Os ane Converters Using 
88 
Figure of Merit of Carrier-Excited 29 
phate of Relay Contact Logic Networks 
Anisotropy in: 
Single-Crystal thin Films 853 
Thin Ni-Fe Films 854 
Circuit for Generation of All Boolean 
Functions of N-Variables 1668 
Circuitry for Sequential Operations 865 
Circuits: 
and Materials, Bibliography of 537 
for Sequence Detection in Pattern 
Recognition 1288 
Computer System, 
Circuit Design of an All- 1664 
Logical Design of an All- 1665 
Core: 
Adders 142 
Amplifier 1663 
Associative Memory 1496 
Binary Counters, Transistor- 145 
Buffers, Transistor Driven 576 
Circuit Analysis 1491 
Circuits, 
Logical Design of 1467 
Principles of 1026 
Function Matrices 550 
Load-Sharing Matrix Switches 1201, 
1202 
Logic: 
Impulse Selection for 1489. 
Inertial Selection for 1488 
Logic: 
for Card-to-Tape Converter 416 


Circuits, Diodeless 1185 
Matrices for Logical Functions 417 
Pulse-Switching Circuits 31 
Shift Registers 711 
Storage, 

Coincident Current 572 

Design of 32,000 Word 878 

Diode Steered 876 

Driving Systems for 35 

Fast Readout 293 

High-Speed Transistorized 877 

Large Fast 1679 

Matrix Switch and Drive System 

for Low Cost 1677 

Nondestructive Sensing Tech- 

nique for 1198 

Rapid Access 1356, 1357 

Simultaneous Access 1045 

Survey of 1674 

Transistor-Driven 295, 1047 

0.7 Microsecond 1678 
Switch for a One Microsecond Matrix 

Memory 1200 
Switching, Analysis of Ferrite 1490 
-Transistor Circuits 25 
Cores, 
Current Steering by 704 
Development of High-Speed 1030 
Nondestructive Readout of Metallic 
Tape 880 
Partial Switching of 1022 
Production of 269 
Residual States of 270 
Simulation of Neural Elements Using 
1391 
Storage of Binary Information in 1046 
Switching Characteristics of 14 
—See also Ferrite Cores 
Devices, Recent Advances in 267 
Devices: Scansors 1163 
Disk Random-Access Storage 725 
Drum: 
Storage 882 
Storage, 

Analog Computer 884 

High Density 150, 724 

Large 1364 

Mercury Computer 723 

Optimum Design of 722 

Synchronous System for EDVAC 

881 
Time Compression Techniques 
for 421 

Track Selection for 883 

Track Switching for 16, 151 
for Subminiature Computers, High- 

Speed 1044 
Time Compression Recorder 421 
Field Attenuation of Thin Superconduct- 
ing Films 852 
Fields of: 
Square-Loop Thin Films 857 
Twistors 1164 
Film: 
File Storage 718 
Logic Devices 104, 1020, 1031, 1493 
Parametrons, 

High Frequency 860 

Operation of 1033 
Parametrons as Logic Devices 1176 
Shift Register 1187 
Storage, 

High-Speed 1359 

Onetne Characteristics of Thin 

Survey of 1195 

Vacuum Evaporated 1197 
Storage: 419, 420, 1358, 1360, 1493 

Arrays, Thin 290 

Elements 1020, 1034 

System 1196 

Films, 
Analogies between Twistors and 1164 
Anisotropy in 853, 854 
Computer Uses of 1494 
Cross-Tie Walls in Thin 1165 
Domain Walls in Thin 851 
High-Speed Cylindrical 717 
Magnetization: 

Analysis of Thin 409 

Reversal of Thin 1166, 1669 
Nanosecond Switching in 859 
Nendenucive Reabout from Thin 
Research on 138 
Use of Evaporated 568 

mh: as High-Speed Storage Elements 
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Survey of 1662 
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Multiaperture 135, 136, 137, 149, 
1028, 1667 
RODS 134, 273, 1948 
Survey of 267 
Materials, Elastic Switching Properties of 
1025 1026 
Materials for High-Speed Storage, Low 
Flux Density 1029 
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Storage, 
Core Switch for 1200 
Submicrosecond Performance 
Using Multiple Coincidence 
1199 


Storage Units 138 
Switch for Coincident 
Memory 879 J 
Moving Medium Storage, Static Reading 
of 1680 
Phase Transition of Superconducting 
Films 856 
Recorder (Storage), Flexible Disk 1363 
Recording, Saturation-Type 422 
Recording: 
Systems 297 
Techniques, High Density 1043 
Selectors for Memory Matrices 1051 
Shift-Register Elements 712 
Storage, 
High-Speed Square Loop Ferrite 720 
Standard Terms for 400 
Wiring of Multiple Coincidence 721 
Storage Elements: 
RODS 134, 273, 1498 
Twistors—See Twistor 
Stray Fields in Thin Ni-Fe Films 851 
Tape, 
Digital Recording on 1503 
Transfer Rates of 161 
Tape: 
Converters, Paper Tape to 43 
Input-Output Units 154 
Readout with an Electron Beam 1502 
Storage, Factors influencing 715 
Systems, 
Methods of Parity Checking for 
695 
Parity Checking for 1651 
Transport for Use in High-Speed 
Data Transmission 1435 
Units, Ferranti-Pegasus and National 
Elliott 405 716 
-to-Paper Tape Converter 1209 
Wire Storage, Static 1497 
Magnetics for Computers, Survey of 268 
Magnetization, Analysis of Thin Film 409 
Magnetization Reversal in: 
Nickel-Iron Thin Films 1166 
Thin Films 1669 
Magnetoresistance Applied to Analog Multi- 
plication 1449, 1764 
Magnetostrictive Delay Line: 
Computer 1337 
for a PCM System 1173 
Maintenance, Economics of Preventive 755 
Maintenance of Switching Circuits, Boolean 
Test Schedules for 1653 
Majority: 
Decision: 
Logic 370 
Logic, Axiomatic 1469 
Logic: 
Elements, 
Circuits Using 1223 
Probabilistic Behavior of 
1542 
Networks: 973 
in an Augmented Boolean 
Algebra, Derivation of 
1222 , 
Redundancy to Improve System 
Reliability 1652 
Gate for Improving Digital System Relia- 
bility 1481 
Man-: 
Computer Cooperation for Formulative 
Thinking 845 
Machine: 
Relationship 1466 
Syston Analysis, Methodology for 
—See also Human 
Management: 
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Science, Computer Programs for 1682 
Simulation by Computer 335 
Tools, Computers as 258 
—See also Business Applications of Com- 
puters 
Manual Control Systems 312 
Mathematical: 
Applications of: 
Computers—See Computer Applica- 
tions 
Sampling Theory 219 
Fundamentals for Use of Symbols in In- 
formation Retrieval 1276 
Models for: 
Process Control 1094 
Sequential Machines 495 
Statements, MADCAP Compiler for Con- 
ventionally Written 1529 
Mathematics of Computers—See_ Algebra, 
Analytic Functions, Arithmetic, Base Con- 
version, Binary, Boolean, Coding, Con- 
tinuous Problems, Differential, Differentia- 
tion, — Error Formal Systems, Graphs, 
Indexing, Information Theory, Integral, In- 
tegration, Least Squares, Linear Equations, 
Linear Programming, Logic, Matrix, Maze, 
Minimal State Machines, Minimization, 
Monte Carlo, Multiparameter Computa- 
tions, Multiplication, Nets, Network, Num- 
ber(s), Numerical Analysis, Periodic Func- 
tions, Point Generation, Polynomials, Prob- 
ability Theory, Proof Theory, Random 
Numbers, Relay Circuits, Sampled Systems, 
Sequential, Set Theory, Simultaneous, Sta- 
tistical, Switching, Symbolic Logic, Truth 
Tables 
Math-Matic Programming System 66 
Matrices, 
Calculation of: 
Eigenvectors of 104 
Roots of 101 
Condition for Stability of 1730 
Conditions for Positive Semi-Definite 1729 
Consistency of Precedence 377, 1229 
Determination of the Characteristic Poly- 
nomials of 1255 
Diagonalization of Normal 381 
Dominant Eigenvalues of Special 1407 
Eigenvalues of Symmetric 3X3 1724 
Eigenvectors of Codiagonal 675 
Ill-Conditioning and Eigenvalue Computa- 
tion 513 
Inversion of 109, 673 
Pseudoinverses of Singular 1406 
Recurrence Relations for Solution of Tri- 
diagonal 1728 
Sturm Sequences for Tridiagonal 1256 
Transposition of 110, 380 
Tridiagonal Test 1409 
Tridiagonalization of 105 
Unitary Triangularization of 1408 
Matrices: 
for Eigenvalue Computation, Precondi- 
tioning of 1410 
for Solution of Differential Equations, 
Quasi-Diagonal 1731 
—See also Arrays 
Matrix: 
Algebra, Two Theorem Tables for 1558 
Algebra to Sequential Circuits, Applica- 
tion of 968 
Compiler for IBM 709 608 
Computations 7, 201, 239 
eee for Symmetric Switching Functions 
970 
Methods: 
for Simultaneous Logical Equations 
969 
in Switching Theory 1/18 
Operations, Test Matrices for 674 
from particle Physics, Eigenvectors for a 
140 
Programming of Analog Computers 229 
Pseudoinverse for Solution of Linear 
Equations 1406 
Reduction to Almost Triangular Form 512 
Solution of Large Sets of Simultaneous 
Equations 823 
Storage, Simultaneous-Access 1045 
Storage Systems, Serial 1675 f 
Switch and Drive System for a Low Cost 
Core Memory 1677 
Switches, Load-Sharing 35, 280, 1201, 1202 
Switching in Transistor Adders 13 
Synthesis of High-Speed Logic 374 
Theory of Operations 182 
MAUDE, Morse Automatic Decoder 305, 
1283 , 
Maze, Shortest Path Through a 1111 
Maze Solving, Algorithms for 1231 
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Measure Function: Definition of Logical Goal- 
Seeking Procedures 317 
Mechanical: 
os of Decision Making Information 
Simulation of sHabit-Forming and Learn- 
ing 603 
Speech Recognizer, Design of a 353 
Translation—See Translation, Mechanical 
Mechanization of: 
a Large Index 1279 
Thought Processes 314 
Medical Applications of Computers: 
Analysis of Phasic Patterns of Intestinal 
Motility 1599 
Arterial Disease Diagnosis 1597 
Clinical Psychiatry 1594 
Correlation Between Symptom Sets in 
Hematological Diseases 1595, 1596 
Diagnosis 1600, 1601, 1603, 1604, 1605, 
1607, 1608 
Diagnostic Video Data Processing 1598 
Problems of Computer Use in Clinical 
Medicine 1591 
Processing of Physiological Variables 1606 
Programming of Diagnostic Tests 1602 
Storage and Retrieval of Clinical Research 


Data 1590 
Memory—See Storage 
Mercury: 


Autocode, Matrix Manipulation in 765 
Computer, Simulation of Pegasus on 1517 
Computer: 
to Language Translation, Application of 

the 1298 
Magnetic Drum Storage 723 
Merge Sorting, Polyphase 1378 


Merging: 
Processes, Influence of Memory Access 
Time on 653 


and Sifting Sorting Procedures 477 
Mersenne: 
Numbers, New Factors of 1550 
pares High-Speed Multiplication Using 
14 
Metallic Tape Magnetic Cores, Nondestruc- 
tive Readout of 880 
Microcircuitry 691 
Microcircuits for Data Processing, Fabrication 
and Interconnection of 1219 
Microflowcharts, Construction of 647 
Microminiature: 
Circuitry for Space Guidance 547 
Printed Systems 549 
Microminiaturization, Machine Logic for 1323 
Microminizturization of Space Vehicle Com- 
puters 900 
Microprogram-Controlled Computers, 1215 
Microprogramming 2 
Microprogramming, Generalized Computer Us- 


ing 261 
Microprograms, Storage of 744 
Microwave: 
Amplitude Modulation to Computers, 


Application of 557 
Circuits, Millimicrosecond Pulse Instru- 
mentation for 1002 
Computers, Logical Design of 545 
Logic, Techniques for 999 
Logic Circuits 415, 558, 559 
Switching Elements 1000 
Techniques, Parametric Diodes for 563 
Techniques: 03 
for Computer Applications, Limita- 
tions of 684 
Parametric Subharmonic Oscillators 
561 
Transmission-Line Techniques 1001 
Miniature Memory Planes for Extreme En- 
vironments 1048 
Minicard Scan Code Reader 910 
Minimal: i 
Expressions of Boolean Functions, Ab- 
solute 368 
Forms of Logical Statements, Computer 
Program for 937 
Sequential Machines 671 
State: ‘ 
Machines, Reduction of Given Machines 
to 672 } 
Sequential Machines, Synthesis of 371, 920 
Minimization of: 
Boolean: 
Functions as Suins of Products 972 
Trees 665, 1317 Noes 
Components in Switching Circuits 95 
Switching Functions 503 
Wire Length 640 : 
Minimum-Distance Error-Correcting Codes, 
Design Methods for Maximum 837 
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—See also Error-Correcting Codes 
Minimum Tree Method of Computing Best 
Paths 639 
Misalignment of DC Amplifiers 1151 
Missile: 
Control: 
Systems 53 
Systems, Automatic Testing of 1336 
Data Transmission Systems 748 
Early Warning Systems, Checkout Data 
Processor for 1334 
Free-Flight Motion 234 
Guidance: 
Computers 52 
System for B-70 Air Vehicle 1457 
Homing Problems, Analog Computer for 
916 
Simulators 174, 230, 311 
Missiles, 
Simulation of Air-to-Air 1792 
—See also Space 
MOBIDIC B System Organization of 1061 
Mobile: 
General-Purpose Data-Processing System 
1062 
Systems, Computers for 177 
Models of Systems, Recursive Improvements 
of 1427 
Modular: 
Computers, Description of 1213 
Error Checking for Adders 955 
Sequential Circuits, Linear 499 
Modulators, Optoelectronic 699 
Module for High-Frequency Logic, Transistor 
1010 
Monitor of Program Execution 1689 
Monte Carlo: 
Experiments 193 
Method: 
for Computing Neutron Transmission 
211 
to the Lattice-Gas Model, Applica- 
tion of the 208 
Procedures, Application of Sequential 
Estimation to 93 
Simulation of a Production Planning Prob- 
lem 614 
Techniques, Calculation of Order Param- 
eters in Binary Alloys by 785 
Techniques for: 
Boundary Value Problems 390 
the Determination of Gamma Ray 
; Transmission 461 
Moore Graphs with Diameters 2 and 3 1421 
Morse: 
Code, 
Automatic Decoding of 305 
Computer Transcription of 473 
Code Distribution 394 
Mosely Model 2 Recorder, Adaptation of 
Punched Card Input for 918 
Multiaperature: 
Core Circuits, Simulation of Neural Net- 
works Using 1391 
Cores, Integrated Circuitry with 865 
Magnetic Devices 1027, 1028, 1667 
Multidimensional Least Squares Curve Fitting 
676 
Multierror-Correcting Codes for a Binary 
Asymmetric Channel 532 
Multifunctional Circuits in Functional Canon- 
ical Form 662 5 
Multigrid Modulator Analog Multipliers 709 
Multilevel Storage Machines, Pseudo-Code 
Translation on 1236 
Multilingual Terminology for Computers 1149 
Multiparameter Computations, Reduction of 
Runs in 815 
Multiple: 
Coincidence Submicrosecond 
Memories 1199 
Computer: PILOT System 439, 591 
Integrals, Evaluation of 391 
Output Networks, 
Computer Design of 1473 
Simplification of 1318 
Synthesis of 1119, 1126 
Precision: 
Arithmetic, Algorithms for 1329 
Division, Newton Algorithm for 1477 
Processing Bit-by-Bit 1324 
Program Data Processing 1531 
-Rate Sampled-Data Systems, 
form Method for 909 
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Analyses Program 1575 
and Correlation, Statistical Program 
for 1574 a, st 
Shife Method for High-Speed Multiplica- 
tion 872 
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Multiplexing, Low-Speed 1783 ; 
Multiplexing to Analog Computation, Applica- 
tion of Time 265 
Multiplication, 
Methods of Speeding Up 1193 
Multiple Shift Method for High-Speed 872 
Optimum Time for Binary 1478 
Servos for 584 
Survey of Analog 706 
Use of Indices and Mersenne Primes for 
High-Speed 1475 
Multiplication: 
Correction Schemata, Derivation of 364 
in Digital Computers, 
Fast 7 
Short-Cut 8 
of Fractions in Residue-Class Arithmetic 
1191 
by Simultaneous Pulse Width and Ampli- 
tude Modulation 1159 
Using Exponential Discharges 736 
Multiplier-Dividers, 
Accurate Analog 1763 
Transistorized 10 
Multipliers, 
Four-Quadrant 432, 585, 707 
Hall Effect 147, 1040, 1041 
Magnetic Amplifier 146 
Magnetoresistive 1449, 1764 
Multigrid Modulator 709 
Semiconductor 148 
Time Division 708 
Transistor 1613 
Multipliers: 
ane Amplitude Modulation at X-Band 
55 


—See also Arithmetic Units 
Multipole Sampled-Data Control Systems, 
Synthesis Techniques for 908 
Multiprogramming, 
pnalyels of Queuing Problems Arising in 
1741 
ORION Computer System for 1483 
Scheduling for 1071, 1238 
Multiprogramming: 
on IBM STRETCH 761 
in Process Control 794 
Multipurpose Logical Devices, Use of 1008 
Multisequence Computer as a Communications 
Tool 1066 
Multivalued Switching Algebras, Application 
to Digital Systems of 975 
Multivariable Functions, Reduction of 239 
Multivariate Interpolation 249 
Multivibrators, Inductively Controlled 551 
MUSASINO-1 Parametron Computers 599 
Musical Composition, 
Application of Information Theory to 988 
Computer Experiment with 793 
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Names. Computer Generation of “Pronounce- 
able” 1534 
NAREC Computer for Solving Simultaneous 
Linear Equations, Programs for 930 
National-Elliott 802 Computer, Time-Sharing 
Scheme for the 794 
NCR 304 456 
N-Cube, Relation of Gray Codes to Paths on 
the 991 
Negative Resistance’ 
for DC Analog Computers 433 
Diodes, Binary Adders Using 11 
NELIAGC, a Dialect of ALGOL 1242 
NELIAC Compiler 1374 
Nerve-Sets 316 
Nervous Systems, Study of Simple Living 1150 
Nets, Synthesis of Communication 1115 
Nets by Numerical Methods, Analysis of 1230 
Network: 
Analysis, Iterative Factorization in 1442 
Analysis by Nodal Representation 341 
Calculations 493 
pc erminaats Theorem on Calculation of 
Elements, Topological Ordering of Ran- 
domly Numbered 1736 
goons Digital Calculation of Electrical 
eh Application of Graph Theory to 
-Simulator for Transient Field Problems, 
Active-Passive 1415 
Switching Functions, Synethesis of 98, 977 
Topology for Electrical Circuits 638 
Networks, 
Analog Synthesis of 307, 1754 
Bilateral Switching 96 
Design Techniques for Multilayer Thin 
Film 1659 


Evaluation of N*® Best Paths in 639 
Shortest Route Through 1087 
Simulation of Electrical 84 
Networks: ; 
in an Augmented Boolean Algebra, Deriva- 
tion of Majority-Lagic 1222 : 
with Twin Penalties, Minimum Paths in 
1569 
—See also Electrical Networks, Logical 
Networks, Switching Networks 
Neuristor, A Universal Logical Element 1175 
Neuron Physiology to Electronics, Relation of 
1700 
Neurons, Information Channel Capacity of 
1592 
Neurons as Storage Elements, 1392 
Plastic 604 
NiCo Layers as High-Speed Storage Elements 
1032 
NiFe Films, Magnetic Anisotropy in 854 
Nike Ajax Analog Computer 747 
Nodal Representation of Complex Networks 
341 
Noise-Computation in the Presence of 117 
Noise Problems in Computers, Solution of 1100 
Noiseless Load-Sharing Matrix Switches 1201 
Nondestructive: 
Memory, Electrodeposited Elements for 
1034 
Readout: 
of Metallic-Tape Cores 880 
from Twistor Store 1361 
Nonlinear: 
Curve Fitting 521 
Resistors in Squares Generation, Use of 
733 
Switching Elements, Use of 543 
NOR Circuits, Design of Diode-Transistor 1005 
NORC High-Speed Printer 424 
Normal: 
Deviates, Methods for Generation of 457 
Distribution, Random Sampling by Com- 
puter from a 1577 
Forms by Iterated Consensus of Prime Im- 
plicants, Determination of 1221 
Function, Evaluation of Area of 1738 
Notation: 
Efficiency: Comparison Between 6-Bit and 
8-Bit Characters 1235 
for Switching Circuit Design, Parenthesis- 
Free 1220 
N-Sphere, Generation of Uniformly Distributed 
Points on an 365, 366 
Number: 
Representation Systems, Uniqueness of 
Weighted Binary-Decimal 1397 
Representations in Elimination of Carry 
Propagation, Use of Redundant 1192 
Systems, 
Division and Square Root Algorithms for 
Quater Imaginary 1648 
Residue 508, 1191 
Theory: 
Factors of Mersenne Numbers 1550 
Mixed Congruential Method for 
Pseudorandom Numbers 1737 
Numbers, Pseudorandom—See Pseudorandom 
Numbers 
ee Modulo Three, Residues of Binary 
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Numerical Analysis, Bibliography of 684 
Numerical Analysis: 
Analog-Digital Technique for Solution of 
Transient Field Problems 1415 
Analysis of Round-Off Errors 253 
Approximation of Polynomial Roots 1254 
prey ies! an Approximate Integration 
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Characteristic Vibrations of a Square- 
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Differential Equations 1412 
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of (peeve Methods for Nth Roots 
Theorems for Symmetric Functions of 
Eigenvalues 1729 
Complex: 
-Curve Fitting 520 
Roots of Equations 980 
Computation of: 
Arcsin N 106 
Eigenvalues 513 
Eigenvectors 104 
Exponential Functions 822, 984 
Gamma Function 1402 
Hyperbolic Functions 822 
Mathieu Functions 932 
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—See also Computer Applications: 
Computation of } 
Computer Generation of Function Com- 
putation 1526 
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Fraction Evaluation of the Ex- 
ponential Function 1720 
Fractions for Transcendental Num- 
bers 1718 
Convergence: 
Properties of a Gaussian Quadrature 
Formula 1563 
Rates of Relaxation Procedures 825 
Curve Fitting—-See Curve 
Determination of Relaxation Factor int 
Successive Overrelaxation Method 1734 
Diagonalization of Normal Matrices 381 
Direct Search Procedures 1711 
Dirichlet Problem 387, 826 
Distribution of a Random Variable 510 
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Matrices 1407 
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Effect of Coefficient Perturbation on Poly-: 
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Eigenvalues of Tridiagonal Matrices 1409! 
Equivalent Result to Lyapunov’s Theorem! 
1730 
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Accumulation in the Solution of 
Ordinary Differential Equations 
1264 
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of Codiagonal Eigenvector De- 
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in Floating Point Arithmetic 511 
Bounds for: 
Runge-Kutta Procedures 831 
Symmetric Hyperbolic Systems 
1416 
Estimation: 
for Laplace’s Equation 385 
in Runge-Kutta Procedures 251 
Errors: 
in Floating Point Arithmetic 511 
in Least Squares Curve Fitting 1133 
—See also Error(s) 
Evaluation of: 
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First Derivatives 1259 
Normal Function Area 1738 
Exact Determination of the Characteristic 
Polynomial of a Matrix 1255 
Families of Sturm-Liouville Systems 1568 
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Finite Transforms 1414 
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Fourier Synthesis 45 
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Integrating Operators for Nonlinear Dif- 
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Methods for Solving Systems of 
Linear Difference Equation 1567 
Solution of Simultaneous Linear 
Equations 1725 
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Least Squares: 389 
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Predictor-Corrector Methods for 
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Equations 1735 
Nonanalytical Iterative Processes 252 
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Errors 253 
Runge-Kutta Integration Methods 103 
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Modification of Newton’s Method 108 
Solution of Nonlinear Equations 824 
Series Evaluation of Elliptic Integrals 679 
Simplification of Differential Equations 
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Smooth Polynomial Interpolation 1401 
Smoothing and Prediction 118 
Solution of: 
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Control Differential Equations 828 
Differential Equations 1260 
Elliptic Differential Equations by 
Stationary Iterative Processes 1258 
Linear Equations 248 
Ordinary Differential Equations 514, 
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Rs the Plate Problem with Mixed 
Boundary Conditions 1261 
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Stability of 850 
Transistor Current Amplifiers for 697 
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Printers 160, 298 
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Tape: 
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Hot-Wire Anemometer 1365 
Parallel Programming 645 
Popes Estimation for Nonlinear Models 
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ee Speed-Up of Computers Using 
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Switching Time of 1178 
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Partial Differential Equations, 
Analog Solution of 359 
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Method for Solving 1734 
Newton’s Method for Solution of 1735 
Solution of Hyperbolic 1417 
Techniques for 1567 
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Finite Automata for 1543 
Input Devices for 163 
Minimization of Error Rate in 1702 
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by Autocorrelation 1387 
Computer Identification’ of Vowel 
Types 1540 


830 
Correction of Spelling Errors 947 
Hand Printed Letters 1283 
Logic, Design of 1098 
Machine: 
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Representation of Digital Information 370 
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Philco-2000, BKS Input-Output Programming 
System for 1510 
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Photoelectronic: 
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pe nseelis Storage for Data Processing 
Photomemory Devices in Character Recogni- 
tion, Feasibility of 1704 
Phrase Structure Languages, 
Assembly Program for 1373 
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Data Processor 439 
NBS Multicomputer System 591 
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ulation 1546 
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Plugboard Connection, Keyboard Automation 
of 1055 
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Uniform 365, 366 
Polarized Phosphors for Data Storage and Dis- 
play 548 
Polymorphic Principle in Data Processing 1213 
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1526 
Equations, Machine Solution of 1723 
Polynomials, 
Approximation of Roots of 1254 
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for Approximating Transcendental Func- 
tions, Lists of Orthogonal 1553 
in Boolean Algebra, Symmetric 1117 
by Differential Analyzer, Location of 
Roots of 484 
Orthogonal over Discrete Domains 1398 
Root Location by Graeffe Method 830 
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Mapping of 87 
—See also Roots of Polynomials 
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puters 33 
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Function Generators, 
Error Correction in 1153 
Quadratic Interpolation in Tapped 
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Loading, Corrections in Analog Computers 
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Series: 
Approximations 382, 678 
Inversion, Iterative Method for 1715 
Supplies, Transistor 26 
Precedence Matrices, 

Application of Graph Theory to 1229 
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cedure for 974, 1250 
Prediction: 
Operators, Calculation of 118 
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Solving Differential Equations 202 
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Application of 1362 
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Models in 92 
Problem: 
—Oriented Languages and Universal Com- 
piling 63 
Solvers, Programming Intelligent 1548 
Solving: 
Ability, Machine Measurement of 
Human 1311 
by Computer, Inductive Searching of 
Models for 1384 
Machines, Intelligent Behavior in 60 
Program, Report on a 1248 
Techniques for Computers 449 
—See also Heuristic 
Process: 
Control, 
Appheasoe of Computers to 173, 219, 
Mathematical Models for 1094 
Time-Sharing Computers for 794 
Use of Digital Computers in 911 
Control: 1533 
Inspection Procedures 219 
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in a Light Engineering Factory 781 
Machine Tools 218, 220, 641 
Quality Control 470 
Radio Telescope Motion 56 
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Spectrometry 55 
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Production: 
Control, Computer: 
Experience in 1627 
Simulation of 781 ; 
Planning, Monte Carlo Simulation of 614 
Scheduling on a Computer 349 
Program: 
for Analysis of Vibration of a Compound 
System 1760 j 
for Automatic Failure Recovery in Data- 
Processing Systems 228 
for Cam Design for Tank Fire Control 
1790 
Control Systems, Interpolator for 895, 896 
for Digital Simulation of an Analog Com- 
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1251 
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for Numerical Integration of the Boltz- 
mann Transport Equation 1762 
Optimization, Symbolic Address System 
for 925 
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tors 1315 
Testing—See Error(s), Test 
for Trigonometric and Related Functions | 
on the CG 24 Computer 1719 
Programmers, Selection and Training of 840 
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Application of: 
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Graphs and Boolean Matrices to 1571 
Logical Syntax to 1368 
External Identifiers for 452 
Memory Efficiency in 346 
Micro- 2, 744 
Parallel 645 
Proposed SHARE Conventions for Input- 
Output 1636 
Simplified Method for ORDVAC 454 
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Arithmetic Operations 62 
Assembler-Compiler for TRANSAC S- 
2000 749 
Combinatorial Problems 469 
Communication with Machines 64 
Compatibility in Closely Related Ma- 
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Instruction, Automatic Grader for 1148 
Language, 
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Phase Structure of 1373 
Language: 
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1685 
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ALGOL—See ALGOL 
AUTOSTAT 1243 
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System 330 
for Rational Fractions 240 
Routines, Automatic 1246 
Schemes, 
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Systems, 
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Language Formulas 1529 
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tion of Proposed 1705 
of Magnetically Stored Digital Informa- 
tion, Static 1680 
Read-Only Storage, 
Card-Capacitor 1500 
Rapid Access Magnetic Core 1357 
Readout: 
Circuits, Glow Counting Tube 569 
for Cryogenic Circuits, Optical 1670 
of Magnetic Core Storage, 293 
Nondestructive 1046 
of Metallic-Tape Cores, Nondestructive 
880 
System for Magnetic Tape, Electron Beam 
1502 
—See also Input-Output 
Real-Time: 
Data: 
Assimilation 444 
Transmission Systems 748 
er eer Preparation and Debugging of 
60 
Recall of Patterns, Machine Model for 1291 
Recognition of Patterns—See Pattern Rec- 
ognition 
Recorders, Analog-Digital Temperature 1211 
Recorders for Wind-Tunnel Data, Digital 159 
Recording, Saturation-Type Magnetic 422 
Recording: 
on Magnetic Tape, Digital 1503 
Systems, Magnetic 297 
Techniques, High Density Magnetic 1043 
Recovery from Failure in Data-Processing 
Systems, Automatic 228 
Recurrent Binary Codes 534 
Recursive: 
Computation of Integrals 1564 
Functions of Symbolic Expressions 939 
Procedures in ALGOL 60, Implementa- 
tion of 1516 
Processes, Translation of ALGOL Ex- 
pressed 1515 
Subscripting Compilers 323 
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Reduction of: : 
Continuous Problems of Discrete Form 
657 
Runs in Multiparameter Computations 
815 
Superfluous States in a Sequential Machine 
S72, 
Redundancy: 
in Digital Systems 1479, 1481, 1652 _ 
Exploitation in Computer Data Processing 
1395 
Redundant: 4 
Machines for Reliability, Use of 435 


Representations, Elimination of Carry 
Propagation Using 1192 
Reference: 


Files, Card Format for 1537 
Signals for Pattern Recognition, Optimiza- 
tion of 1097 
Reflected Binary Code for Arithmetic Opera- 
tions, Modification of 965 
Refrigeration for Superconductive Memories 
726 
Regular Expressions for Automata 1068 
Relaxation: 
Methods, Improving Convergence of 1734 
Oscillators Using Cold-Cathode Tubes 24 
Procedures, Convergence Rates of 825 
Techniques for Partial Differential Equa- 


tions 388 

Times in Superconductive Storage Ele- 
ments 858 

Relay: 

Circuits, Improvement of Reliability of 
373 

Contact Networks, Magnetic Analogs of 
1027 

Networks, Survey of Research in the 


USSR on 1128 
Networks—See also Contact Networks 
Switching Circuits, Synthesis of 1119 
Tree for Generating Boolean Functions 
1668 
Se aes Measure for Information Retrieval 
127 
Reliability, 
Statistical Design for Circuit 1333 
Use of Redundancy for 435, 1579, 1652 
Reliability: 
of Analog Computers 1609 
of the Athena Computer 601 
Checking by Test Packaging 1107 
of pours in the Presence of Noise 
11 
of Digital Systems, Majority Gate for Im- 
proving the 1481 
of a Physical System 434 
Rates for a Transistor Computer 304 
of Relay Circuits 373 
and Statistical Design, Plecewise Approxi- 
mations to 510 
—See also Error(s), Testing 
Reliable System Designs, Construction of 
Minimally Redundant 1579 
Residual States of Ferrite Cores 270 
Residue: 
Class: 
Arithmetic, Use of Mersenne Primes 
for 1475 
Arithmetic for: 
Computers 1191 
Error Detection 660 
Number System in Serial Decimal 
Adder, Use of 871 
Error Checking 955 
Number: 
System 508 
System, Digital Correlator Based on 
the 1476 
Bees of Binary Numbers Modulo Three 
Resistance Network Analogs, Design of 266 
Resistivity of Superconducting Thin Films, 
Low Residual 855 
Reselyeti Proportionality in a Sine-Cosine 
Restoring Organs in Redundant Automata 450 
Retrieval of Information—See Information 
Retrieval 


Reversible Component Magnetization in 
Ferrite Cores 292 
Review: 


of Computer Developments 123 
of Computers in the Soviet Union 997 
—See also Bibliographies, Surveys 
RF Pulses, Error Detection in 1742 
Ring: 
Counters of Given Periods, Synthesis of 
Minimal Binary 1226 
Oscillators, Analysis of Thin Film Cryo- 
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tron 1171 
RODS, 
Properties of 1498 
Storage 134, 273 
RODS as Switching Devices 566 
Root Extraction, Iterative Method for 111 
Root Extraction by Repeated Subtractions 254 
Roots, Comparison of Iterative Methods for 
nth 1555 
Roots of: 
Equations, 
Computation of Complex 980 
Modification of Newton’s Method for 
Finding 108 
Matrices, Calculation of 101 
Polynomials, 1723 
Analog Computer Method for Deter- 
mining 1766 
Effect of Coefficient Perturbation on 
1724 
Iteration Techniques for Computing 
1405 
Resultant Modification of Graeffe’s 
Method for Finding 1404 
Rotating-Disk Function Generators 431 
Round-Off: 
Error, Random Simulation of 1411 
Error: 253 
in Algebraic Processes 1252 
Routines for: 
Computers, Input 61 
Simulating Analog Operations, Digital 226 
RUNCIBLE: 
I Compiler for IBM 650 770 
Programming System with GAT, Com- 
parison of 1371 
Runge-Kutta: 
Methods _ for 
Equations 103 
Procedures, 
Error Bounds for 831 
Error Estimation in 251 


Integrating Differential 


Russia, 
Review of Computer Investigations in 997 
State of: 
Computer Technology in 996 
Digital Computing in 1310 
Survey of Research in the Theory of Relay 
Networks in 1128 
Russian, 
Descriptive Grammar of 1296 
Mechanical Translation of 801 
Order of Subject and Object in Scientific 
949 
Russian: 
Computers, Description of 541, 597 
Education in Computer Mathematics 1143 
from pnoelal Mechanical Translation 
129 
-English Translation, Harvard Research 
on Automatic 1295 
Investigations into Chemical Information 
Retrieval 1757 
for Machine Translation, 
Analysis of 525 
Ban cece Analysis, Soviet Development of 
52 
Visit to U. S. Computers 995 
Work: 
in Mechanical Translation, Survey of 
950, 951 
on Pseudorandom Numbers 94. 
RW-33 Computer System, Design Techniques 
for the 1227 


Syntactical 


S) 


Sane Data-Processing Computer System for 
SAGE: 
System, Logical Description of a Com- 
puter for the 741 
Tracking, Simulation of 311 
SAINT, Semi-Automatic Analog INTercept 
Computer 361 
Salary Survey, PGEC 397 
Sampled: 
Data: 
Control Systems, 
Deviations in Vertical Indicator 
of Stellar Monitor 1781 
Minimal Response 1776 
Optimal Strategy for 1623 
Sensitivity of Time-Varying 1782 
Synthesis Techniques for Multi- 
pole 908 
pontralles, Transistorized Design of 
Processor for Oceanography 914 
Systems, 172 
Analysis and Synthesis of 907 
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Digital Analog Controller for 906 
Multiple-Rate 909 
Nyquist Plotter for 1156 : 
Systems, Application of Wiener Filter 
Theory to 813 > 
Sampling, Use of Computers in 219 
Sampling: 
from a Normal Distribution 1577 
Parametric Analog Computer 736 
Saturation-Type Magnetic Recording 422 
Sawtooth Function Generator 892 
Scaling: 
Circuits with Four-Phase Outputs 22 
Errors in Digital Computers, Automatic 
Detection of 1105 
Stage, Silicon Transistorized 1053 
Technique for Digital Differential Analy- 
zers 954 
Scanners, Complex Plane 170 
Scanning Devices, Rapid 1163 
Scansor, Multiaperature Ferrite Plate 1163 
SCAT Instructions, Generation of 1075 
Scheduling for Multiprogramming, 1238 
Automatic 1071 
Scientific: 
Applications of Computers—See Com- 
puter Applications 
Communication, 125 
Role of Large Memories in 3 
Information, Learning and Retrieving of 
126 
—See also Information Retrieval 
Searching, Chemical Structure 221 
Searching: 
Using Fibronacci Numbers 1381 
—See also Information Retrieval 
Secondary-Emission Pulse Circuit, Analysis 
and Application of a 1352 
Selection Ratios of Magnetic Core Memories 
1199 
Self-Organizing Systems, 1393 
Optimization of 317 
Semantic Analysis of English by Computer 
1695 
Semantics of ALGOL 1240 
Semiconductor: 
Logic Circuits, Design Methods for 1006 
Memory Element, Stored Charge 1203 ~ 
Multipliers 148 
Parameters, Analog Measurement of 491 
—See also Diodes, Solid-State, Transistor 
Sensing System for Punched Cards 299 
Sequence Detection, Magnetic Circuits for 
Pulse 1288 
Sequences, Linear Recurring 1419 
Sequential: 
Circuits, 
All-Magnetic 1492 
Design of 1124 
Linear Modular 499 
Use of Matrix Algebra for 968 
Coding Networks, Linear Multivalued 501 
Estimation to Simulation and Monte 
Carlo Procedures, Applications of 93 
Formula Translation 923 
Functions, Minimization of Numbers of 
States in 663 
Logic Machines, 
Circuits for 865 
Machines, 
Analysis of 241, 670 
Decomposition of 1225 
Invariances in Equivalent 1322 
Mathematical Models for 495 
Minimal 671 
Reduction: 
to a Known State of 838 
of Superfluous States in 372 
State Assignment for 1642 
Synthesis of: 
Finite 921 
Minimal State 371, 920 
Transition Matrices of 496 
—See also Automata 
Networks, 
Autonomous Linear 500 
Computer Simulation of 938 
State-Logic Relations for 661 
Switching Circuits, 
Asynchronous 498 
Classification of 1116 
Number of Internal Variable Assign- 
ments for 976 


Integrated Magnetic 


Serial: 
Arithmetic Elements 7 


Memory Transfers, Optimal Organization 
of 1073 


Scan Code Reader for Minicards 910 
Series, Summation of 1554 
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Servo: 
Systems, Logic for Digital 164 
Test System, Computer Controlled Dy- 
namic 1336 4 
Servos: 
for Analog Computing 282, 584 
—See also Control Systems 
Set Theory to Machines, Relation of 1112 
709 Computer, SHARE System 325 
Shaft: 
-Angle Digitizing Encoders 1793 
Gel yy outs Commutators for 42 
otion Analyzer, Digital Differenti 
SHARE: y g ential 1454 
Conventions for Input-Output Program- 
maing Proposed 1636 
709 System, 
Development of 325 
Input-Output: 
Buffering for 327 
Translation for 328 
pate and Modification for 
Squoze Encoding for 326 
Supervisory Control for 329 
Sheffer Stroke Switching System 1224 
Shift: 
Register: 
Code for Indexing 669 
Counters, Analysis of 5 
Elements, Magnetic 712 
ee Using Integrated Circuitry 
Using Current Steering Transistors 
1183 
Registers, 
Cryotron 1035, 1168, 1673 
Double-Gate 12 
Electro-Optical 418 
Ferroelectric 713 
Magnetic Film: 1187 
Parametron 1176 
Majority Gate 1481 
One Core Per Bit 711 
Photoelectronic 413 
Transfluxor 149 
Tunnel Diode 1179, 1345 
25 MC 1186 
Twistor 284 
Registers: 
with Logic Feedback 848 
—See also Counters 
Shortest Path through a Maze 1111 
Shorthand, Automatic Transcription of Ma- 
chine 1099 
Siemens 2002 Computer, Description of 595 
Sifting and Merging Sorting Procedures 477 
Signal Discrimination Systems, Role of Signal 
Structure in 1097 
Signaling Alphabets, Binary 992 
Significant Digit: 
Arithmetic 238 
Checking in Floating-Point Arithmetic 964 
Simplex: 
Method, Inductive Proof of the 1423 
Method for: 
Linear Programming, 536 
Decision Rule for Reducing 
Iterations in the 1307 f 
Solution of Simultaneous Equations 
1139 
Simulation, Analog-Digital Computer for 428 
Simultation of: 
Active: 
Air Defense Systems 78 
Bioelectric Membranes 756 
Air Battle 310 
Air-to-Air Missiles 1792 
Algebraic Equations 957 
Analog Computers, Digital 227 
Bomber Interception 1092 
Chemical Plant 1466 
Computer: 
Design Decision 1474 
Systems 1227 
Computers by Other Computers, 261, 263 
Cosmic Ray Showers 903 | 
Cryotron Network Transient Responise 
1351 Z 
Discrete Flow Systems by Digital Com- 
puter 1428 
Electrical Networks, Analog 84 
Electron Kinetics in Semiconductors 901 
Electronic Signal Processing Methods 163 
Engineering Problems 1090 
Guided: . s 
Missile Systems, Data Link for 
Analog-Digital 1058 
Missiles 174 
Helicopter Flights 344 


Subject Index 


Human: 
Circulatory System 811 
Communication, Digital 1434 
Thought Processes 1700 
Tracking Problems 217 
Hydro-Electric Systems 1441 
Logic Structure of a Switching System 343 
Mail Processing Systems 1628 
Neural Networks by Multiaperature Core 
Circuits 1391 
Radar Systems, Blip Samples for 178 
Reading Machine for the Blind 1705 
men Tracking and BOMARC Guidance 
Sediment Formation 1755 
Speech: 225 
Recognition Systems 803 
Systems, Analog Computer for 1158 
Transfer Functions, Computer 1618 
Transistor Switchig Circuits 629 
Weapons 77 
Yawing Motion of Missles 230 
Simulation: 
Procedures, Application of Sequential 
Estimation to 93 
Systems, Real-Time 897 
—See also Computer Applications 
Simulator Compiler: SIMCOM 1075 
Simulators for Nuclear Power Plants, Design 
of 1440 
Simultaneous: 
-Access Matrix Storage 1045 
Binary Addition 13 
Equations, 
Bees Method for the Solution of 
8 
Modified Simplex Method for Solu- 
tion of 1139 


Linear: 
Equations, Iterative Solution of 1725 
Equations: 
by Gaussian Elimination, Solu- 
tion of 930 


with Polynomial 
Solution of 355 
Using a Magnetic Tape Store, 
Solution of 1103 
Logical Equations, Matrix Methods for 
969 


Coefficients, 


Nonlinear Equations, Secant Solution of 
824 
Ordinary Differential Equations, Solution 
of 1083 
Single Address Machines with Triple Address 
Machines, Comparison of 745 
Slack Variables in Linear Programming, Use of 
536 
SLANG Programming Language 1513 
Slicer Circuit, Precision Electronic 1155 
Small Computer Programming 922 
Smoothing Operators, Calculation of 118 
SNOCOM Computer, SILLIAC Simulation of 
Design of 1474 
SODA Translation System for the DEUCE 
Computer 609 
Solder for Cryogenic Circuits 702 
Solid-State: 
Computers: 
CG24 1472 
LEPRECHAUN 734 
UNIVAC 302, 438 
Electronluminescent Devices 699 
Microwave Computers 1001 
Technology to Airborne Computers, Ap- 
plication of 742 ; 4 
—See also Ferroelectric, Magnetic, Semi- 
conductor, Superconducting 
Sort-Merge Programming 331 
Sorting, 
Amphisbaenic 652 
Analysis of Internal 1532 
Associative Store for 1380 
Comparison of Equipment for 1690 
Computer Data 356 
Polyphase Merge 1378 
Procedure for High-Speed Internal 943 
Relative Efficiency of Binary Search and 
Two-Way Merge 1377 
Use of Trees in 1268 
Sorting: 
He Address Calculation 651, 1379. 
In Automatic Glossary Construction 1281 
Methods, Synopsis of 650 
Procedures, 
Comparison of 649 
Large Internal Memory 477 
to any Radix 652 
by Radix Exchange 354 
on Univae II 331 
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Space: 
Cord Function Generator 583 
Guidance Computers, Microminiaturiza- 
tion for 547 
Vehicle Computers, Microminiaturization 
of 900 
eee Digital Computer Controllers for 
Spain, Swtiching Research in 1145 
Spatial Problems, Computers for Solving 1 
Special Purpose Computers: 
Air Traffic Control 437, 441 
Astronomic Surveys 442 
Automatic Gas Flow Compensation 1159 
Communication Network Analysis 443 
Complex Plane Scanners 170 
Conditional Probability 264 
Directivity Characteristics of 
Arrays 904 
Estimation of Fire Endurance 308 
Euler Angle Transformation 1157 
Field Problems 587 
Flight Training 600 
Fourier Synthesis 45 
Frequency-Period-Analog 1056 
Inertial Navigation 171 
Integral Transformations 128 
Locomotive Performance 902 
Logical Computers 752 
Magnetic Resonance Data Reduction 739 
ee ee of Problem Solving Ability 
Morse Code Recognition 305 
NGS Membrane Control and Simulation 
6 
Network Synthesizers 307 
Nyquist Plotter 1156 
Quality Control 47 
Radio Direction Finders 46 
RCA 501 592 
Respiratory Carbon Dioxide Response 
Curves 737 
Simulation of: 
Chemical Reactions 740 
Cosmic Rays 903 
Blecou Kinetics in Semiconductors 
Physical Systems 428 
Solution of: 
Engineering Problems by Successive 
Approximations 128 
Integral Formulations 128 
Poisson’s Equation 1450 
Spatial Problems 1 
Table Look-Up Machine for Language 
Analysis 1693 
Tracing Charged Particle 
1160 
Trigonometric 582, 594 
—See also Analog Computers, Computer 
Applications, Digital Computers, Gen- 
eral Purpose Computers 
see Norms of Matrix Inversion Processes 
673 
Speech: 
Recognition, Machine 353, 803, 833, 1290, 
1388, 1389, 1538, 1540, 1541 


Aerial 


Trajectories 


Recognition: 
and Synthesis, Design of Machines for 
833 
Vowel Recognition by Computer 


Spectral Analysis 802 
Simulation 225 
—See also Acoustical 
Spelling Errors, Correction of 947 
Spot Digram Information, Machine Reduction 
of 205 
SPUD, Stored-Program Demonstration Com- 
puter 753 
Square: 
Root: 
Approximations 250 
Computation 821, 1134 
Roots of Complex Numbers 677 
Squares Generation with Nonlinear Resistors 
733 
Squaring Unit, Varistor 1451 
SQUOZE Encoding 326 
Stability: 
Control Systems, 
Method for 1780 
of Integration Formulas 517, 1263 
of Linear Algebraic Equation Solvers 850 
of Partial Difference Equation Problems, 
Condition for 982 
Problems, Computer Solution of Trans- 
ient 630 
of Solution of Differential Equations 384, 
827 
Stabilization of Computer Circuits 358 


Modified Lyapunov 
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Staircase Generators Using Cold-Cathode 
Tubes 24 
Standards, Static Magnetic Storage 400 
Standards for Computer Terminology, Multi- 
lingual 1149 
STANISLAUS: Special Purpose Computer for 
Propositional Calculus 752 
State Graphs for Automata 1068 
Statistical: 
Analysis: 
of Binary Division Algorithms 1332 
of Circuit Performance in Digital 
Systems 1333 
Computation of the Frequency Func- 
tion for a Quadratic Form in Ran- 
dom Normal Variables 1267 
Computation of Polymer Dimensions 347 
Correlation Technique for Medical Di- 
agnosis 1080 
Data Processing, Special Purpose Com- 
piler Language for 1243 
Design and Reliability, 
proximations to 510 
Problems, Direct Search Procedures for 
1711 
Programs for: 
the IBM 650 637 
Questionnaire Analysis 1574 
Recognition Functions for Pattern Rec- 
ognition 1386 
Surveys, General Program for Analysis of 
1422 
Variables, 
Application to Battlefield Simulation 
of Past 791 
Computationof ExponentiallyMapped 
931 
Statistics: 
Autocorrelation Functions of Linear Re- 
curring Sequences 1419 
in Mechanial Translation, Use of 523 
Random Sampling from a Normal Dis- 
tribution 1577 
Stenotype Translation by Machine 1099 
Stochastic: 
Chains, Loss and Recovery of Information 
in 1301 
Model for Computer Uptime, Double Ex- 
pontential 1104 
Storage, 
Addressing for Random-Access 807 
Applications of Magnetics to 268 
Associative: 
Magnetic 1676 
Self-Sorting 1380 
Barium Titanate 15 
Barier Grid: 
Random Access 37 
Tube 289 
Coincident Circuit 572 
Core Switch for Magnetic Matrix 1200 
Cryotron 1035, 1050, 1168 
Cylindrical Magnetic Film 717 
Design of: 
Large Electrostatic 873 
32,000 Ward Magnetic Core 878 
Diode: 
Capacitor 152, 874 
Random Access 1001 
-Steered Magnetic Core 876 
Driving Systems for Core 35 
Expandable Random Access 875 
Factors Influencing the Use of Magnetic 
Tape 715 
Ferrite: 720 
Core 270, 877 
Plate 34 
Ferroelectric Coincident Voltage 885 
Flexible Disk 1363 
Flying Spot 36, 286, 287, 288 
Magnacard 570 
Magnetic: 
Associative 1496 
Core 1679 
Disk Random Access 725 
Drum 150, 722, 723, 723, 882 
Film File 718 
Matrix Switch for Coincident Current 
879, 1677 
Selectors for Matrix 1051 
Microminiature 900 
Multiple Coincidence 
Core 1199 
Nondestructive Readout of: 
Magnetic Core 292, 1198 
Metallic Tape 880 
Photographic 164, 573 
Photomagnetic 743 
PLO Random Access 564 
Polarized Phosphor 548 


Piecewise Ap- 


Submicrosecond 
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Random-Access: 
Diode-Capacitor 1049 
Magnetic Film 1197 
Rapid Access: 
Ferrite-Core 1356 
Read-Only 1357 
Readout of Magnetic Core 293 
Refrigeration for Superconductive 726 
Semipermanent Read-Only Capacitor 1500 
Single-to-Triple Level Translator 1247 
Solution of Noise Problems in 1100 
Statics 
Magnetic Wire 1497 
Reading of Mangetic Moving Medium 
1680 
Survey of Magnetic: 
Core 1674 
Film 1195 
Synchronous Magnetic Drum 881 
Thin Film 290, 291, 419, 420 
Time Compression Techniques for Magnet- 
ic Drum 421 
Track: 
Selection for Magnetic Drum 883 
Switching for Magnetic Drum 16, 151 
Transfluxor 1026 
Transistor: 
Circuits for 1011, 1018 
Driven Magnetic Core 295, 1047 
Twistor 275, 863, 1361 
UNIVAC RANDEX II Random Access 
1364 
Use of: 
Impulse Switching in Ferrite 719 
Thin Films for 568 
Woven Cryotron 1050 
0.7-Microsecond Ferrite Core 1678 
Storage: 
Access Time on Merging, Influence of 653 
Allocation for Arrays in ALGOL 60 1523 
for Analog Computers, 
Magnetic Drum 884 
Potentialscope 33 
Assignment, Automatic 1070 
of Binary Information in Ferrite Cores 
1046 
Cells for Analog Computers 1616 
Cores, 
Development of High-Speed 1030 
Inhibited Flux Operation of Three 
Hole 294 
Low Flux-Density Materials for 
High-Speed 1029 
Production of 269 
Transistor Drivers for Fast Access 571 
Wiring of Multiple Coincidence 721 
Drivers, Pulse Transformer 1021 
Efficiency in Programs 346 
Elements: 
Crowe Cell 700 
Cryosar 411 
in Digital Switching Circuits, Use of 
998 
Electrodeposited 1034 
Ferreed 698 
Ferroelectric 139 
Lead Film Superconductive 858 
Low Temperature 700 
Magnetic: 
Core Amplifier 1663 
Fields of Twistors 1164 
ROD 1498 
Multiaperature Ferrite 565 
Neuristor 1175 
NiCo Layers 1032 
Persistor 1036 
Photomemory 1704 
Plastic Neutron 604, 1392 
RODS 134, 273 
Stored Charge 1203 
Thin Film 1020, 1196, 1358, 1359, 
1360, 1493, 1494, 1669 
Transpolarizers 412 
Twistors 863, 864, 1361 
for Information Retrieval, Trie 1280 
Matrices, 
Ferroelectric 714 
Magnetic Elements for 267 
in Mechanical Translation, Optimum Use 
of 476 
of Microprograms 744 
in the ORACLE-ALGOL Translator, Use 
of Magnetic Tape for 1511 
Planes, Minature Ferrite 1048 
with Polarized Phosphors, Data 548 


for Random Access Memories, Barrier 
Grid 37 

in Scientific Communications, Role of 
Large 3 


for Subminiature Computers, Magnetic 
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Drum 1044 
Survey of the State-of-the-Art 1355 
Systems, 
Optimum Size of Bits in 1042 
Pseudocode Translation on Multi- 
level 1236 
Serial Matrix 1675 
Simultaneous-Access Core 1045 
Superconductive 701 
Tube, Direct View Halftone Display of 
Stored and Nonstored Information 1501 
Tube Memory, Digital-to-Analog Con- 
version for 289 


Units, 
Magnetic: 
Apertured Plate 137 
Matrix 138 
Tape 716 


in the Visual System, Short-Term 1593 
Wheels for Analog Computers 153 
—See also Display 
Stored-Program Demonstration Computers 
753 
STRETCH Computer, 
Binary-Decimal Organization of the 746 
Instruction Unit of the 1340 
Multiprogramming of the 761 
Strum: 
—Liouville Systems, Families of 1568 
Sequences for Tridiagonal Matrices 1256 
Subharmonic Oscillators, 
Logic System Using Kilomegacycle 1350 
Switching Time of 1178 
Subminiature Computers, High-Speed Magne- 
tic Drum for 1044 
Subrouting Calling 474 
Subroutines, Built-in 744 
Subroutines for Common Functions 382 
Subscripted Variables, Compilation of 1686 
Subsystem: 
Design by Computer 456 
Using Kilomegacycle Subharmonic Oscilla- 
tors, Computer 1350 
—See also Adders, Converters, Counters, 
Function Generators, Input-Output, 
Integrators, Logic Circuits, Multipliers, 
Shift Registers, Storage, Systems 
Successive Approximations, Solution of Prob- 
lems by 128 
Sumador Chino Mechanical Adder 1341 
Summing Amplifiers, Transistor 28 
Superconducting: 
Bistable Element 1172 
Circuits, Solder for 702 
Components 276, 277, 410 
Devices 861 
Films, 
Magnetic-Field Attenuation of Thin 
852 
Properties of Thin 1169 
Materials, Properties of 1167 
store Refrigerative Requirements for 
726 
Storage Elements, 
Persistor 1036 
Relaxation Times of 858 
Switching Elements 701 
gaye ne ie Magnetic Phase Transition of 
Thin Films of Low Residual Resistivity 855 
—See also Cryogenic, Cryotron(s) 
Superconductivity: Variation of Current Am- 
plification Factor of Cryotrons with Tem- 
perature 862 
Supervisory Control, SHARE 709 System 329 
Surface Fitting by Least Squares 1551 
Survey of: 
Analog Multiplication 706 
Commerical Computers: 257 
in Britain 842 
Computer: 
Magnetics 268 
Memories 1355 
Trends 841 
European: 
Computer Technology 1635 
Electronic Data Processing 1309 
the Field of Bionics 1700 
High-Speed Printers 1210 
Japanese Computer Industry 844 
Magnetic: 
Film Memories 1195 
Logic Circuits 1662 
Mechanical Language Translation 538 
Russian Computers 1310 
University Computers in Britain 843 
Surveys—See also Bibliographies, Reviews 
Switches, 
Chemical 1037 
Electro-Optical 550 
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Load-Sharing Matrix 35, 280, 1201, 1202 
Transistors as Bidirectional 1013 


ase for Magnetic Matrix Memories, Core 


Switching, 
Analysis of Ferrite Core 1490 
_ Applications of Magnetics to 268 
Switching: 
Algebras, Multivalued 975 
a iea ons of Diffused Silicon Triodes 
Characteristics of Magnetic Cores 14 
Circuit: 
Representation by 
Programs 475 
Techniques, Comparison of Saturated 
__, and Nonsaturated Transistor 1182 
Circuits, 
Application of: 
Dynamic Programming to the 
Synthesis of 681 
Graph Theory to 502 
Asynchronous 414 
Boolean Test Schedules for 1653 
Cryotron 1170 
Economical Synthesis of 244 
Efficiency of 242 
Functional Canonical Form for Multi- 
ple Output 662 
Internal Variable Assignments for Se- 
quential 976 
Logical Design of 1191 
Magnetic ROD 566 
Microwave Diode 1002 
Millimicrosecond 703 
Minimal 371 
Minimization of Components in 95 
New Techniques for 278 
Photoelectronic 413 
Sequential Asynchronous 498 
Simulation of 343, 629 
Synthesis of Combinatorial 817 
Transistor 279 
Circuits: 
in Sequential Machines 241 
as Topological Models in Probability 
Theory 92 
—See also Logic Circuits, Sequential 
Circuits 
Diodes 133, 274, 696 
by Domain Walls in Ferrites 1024 
Elements, 
Bilateral 543 
Cryosar 411 
Ferreed 698 
Magnetic Core Amplifier 1663 
Microwave 1000 
NiCo Deposited Layer 1032 
ROD 134, 273, 1498 
Superconductive 701, 1172 
Transpolarizer 412 
of Ferrite Cores, Partial 1022 
in Ferrite Memories, Use of Impulse 719 
Functions, 
Canonical Form of 375 
Codes Based on 1744 
Contact Networks for 97 
Decomposition of 1638 
Generation of all N-Variable 1668 
Linearly Separable 1467 
Matrix: 
Logic for Symmetric 970 
Synthesis of 374 
Minimization of 503 
State Minimization in Sequential 663 
Synthesis of Network 98, 977 
Funtions: 
by Algebraic Topological Methods, 
Synthesis of 1122 5 
by Linear Graph Theory, Synthesis of 
1121 
Using Threshold Elements, Synthesis 
of 1639 
—See also Boolean Functions 
Logic, Current 1349 
Nets, Theory of 497 
Networks, 
Bilateral 96 
Computer Simulation of 938 
Dual-Polarity Logic for 507 
Hazards in 664 
Iterative Combinational 243 
Simplification of Multiple-Output 
1318 A 
Networks Using Paranthesis Free Nota- 
tion, Design of 1220 
Properties of: 
Ferrites 271, 272 sil am . 
Toroidal Square Loop Materials 1025 
Rates in Ferrites, Effect of Previous His- 


Binary-Decision 


Subject Index 


tory on 1023 
Systems, 
Application of Computer Techniques 
to Telephone 978 
Ferrite Core Memory for 877 
Flying Spot Storage for 36 
Special Purpose Sheffer Stroke 1224 
Synthesis of 665 
Theory, 
Application to Graph Theory to 1125 
Matrix Methods in 1118 
Research in: 
Germany on 1144 
Spain on 1145 
Russia on 1128 
Use of Truth Tables in 1114 
Theory: 
Assessment of Transistors in Comub1- 
national Circuits 1014 
eelacenen of Sequential Circuits 
6 
Computer Minimization of Truth 
Functions 1316 
Decomposition of: 
Functions 1120 
Sequential Nets 1225 
Derivation of Majority-Logic Net- 
works 1222 
Design of Sequential Circuits 1124 
Determination of Irredundant Nor- 
mal Forms 1221 
Generalization of Quine’s Theorem for 
Simplifying Truth Functions 1637 
pay Decision Logical Elements 
1 
Minimal Complete Relay Decoding 
Networks 1320 
Minimization of Single Output Cir- 
cuits 1317 
Realization of Arbitrary Functions by 
Threshold Devices 1319 
State Assignment for 
Machines 1642 
Synthesis of: 
Electronic Circuits for 
metrical Functions 667 
Multiple Output Networks 1119, 
1126 
2N-Terminal Contact Networks 1127 
in Thin Magnetic Films, Nanosecond 859 
Time of Subharmonic Oscillators 1178 
Using Nonsymmetric Elements, Bilateral 
1486 
Symbol Manipulation, 
Algebraic Compiler for 1525 
Generalized Technique for 1546 
Symbolic: 
Expressions, Recursive Functions of 939 
Logic: 247 
Computing Procedure for Quantifica- 
tion Theory 1233 
Languages for Description of Autom- 
ata 1641 
Mechanical Proof Procedure for Pred- 
icate Calculus 974 
Recursive Functions of Symbolic Ex- 
pressions 939 
Theorem Proving by Pattern Rec- 
ognition 967 
—See also Boolean, Logic 
Symbolization of Problem Statements 99 
Symmetric: 
Functions, 246 aha 
Synthesis of Electronic Circuits for 
667 
Matrices, Householder’s 
Eigenvalues of 1135 . 
Switching Functions, Matrix Logic for 970 
Symmetrical: ae i 
Back, Clamped Transistor Switching Cir- 
cuits 279 
Functions, Synthesis of 1223 
Symmetries and Invariances of Boolean Func- 
tions 971 se. 
Synchro Output Proporitional to Input, Feed- 
back Method for 1154 
Synchronization of Timing Waveforms 1016 
Synchronous: 
ss Magnetic Drum System for EDVA C 881 
Sequential Machines, Analysis of 496 _ 
Syntactic Symmetry: Machine Manipulation of 
“Formal Systems 369 : ; 
Syntactical Analysis of Russian for Machine 
Translation 525 
Syntax of: 
ALGOL 1240 
Algorithmic Languages 923 
Synthesis of: 
Communication Nets 1115 
Digital Comparators 132 


Sequential 


Sym- 


Method for 


835 


Dynamic Systems 1610 

Finite Sequential Machines 921 

Logica] Systems, Application of Dynamic 

Programming to 681 

Magnetically Generated Waveforms 224 

pi amaliate Sequential Machines 371, 

Multilevel Switching Circuits 1638 

Multiple Output Networks 1119, 1126 

eevee Sampled-Data Control Systems 
Speech 833 

Switching Functions by Linear Graph 

Theory 1121 

percshos Logic Combinatorial Networks 

—See also Analysis of, Simulation of 
Synthesizer, Dynamic Systems 174 
Systems, 

Accuracy Control in Data Processing 50 

Airborne Data Acquisition 913 

Aircraft Control 177 

Air Line Reservation 589 

Air Traffic Control 437 

Analog: 

Computer Compensated Control 175 
Computers for Guided Missile 747 
Analysis and Synthesis of Sampled-Data 

907, 908, 909 
Application of Queuing Theory to Com- 
puter 309 
Bendix G-20 Data Processing 1063 
Business Intelligence 48 
Circuits for Digital Computing 140 
Communications 51 
DART Differential Analyzer 593 
Data Transmission 51 
Design of: 
Natural Language Data Processor 
1643 
the RW-33 Computer 1227 
Dual Master File 49 
Effect of Quantization in Sampled-Feed- 
back 172 
GE-100 Data Processing 751 
General Purpose Computer 911 
IBM Military 912 
IBM 7070 Data Processing 750 
IBM 7074 1339 
Intertial Navigation 171 
Integrated Diagnostic Monitor 915 
Missile: 
Guidance 52 
Homing 916 
Mobile Data Processing 1062 
Multisequence Computer 1066 
Number Systems in STRETCH 746 
Optical Data Processing 588, 1060 
Optimization of 1427 
Organization of MOBIDIC 1061 
PILOT Data Processing 439, 591 
Radio Telescope Control 56 
RCA 501 592 
RCA 601 1338, 1654 
Real-Time Data Assimilation 444 
Reliability of 434 
SAGE Air Defense 741 
Simulation: 
of Guided Missile 174 
Procedure for Testing 1106 
Spectroanalysis 54, 55 
Theory of 176 
TRANSAC 749 
Voice Data Processing 1065 
Weapons Control 742 
Systems: 
Analysis, Methodology for Man-Machine 
1214 
Measure of a Air Duel Environment 310 
Simulation, Analog Computer for 1158 
Synthesis by Digital Computer 786 
—See also Computers, Subsystems 


th 


Table: 
of Definite Integrals in Terms of the Com- 
plex Exponential Integral 1710 
Look-at Techniques 1691 
Look-up Procedures for Language Transla- 
tion 1694 
TABSOL Programming System Using Decision 
Structure Tables 1369 
Tag Sorting by Means of Trees 1268 
Tags for Programming, External 452 
Tape: 
Converter, Magnetic-to-Paper 1209 
File Processing 49 
Reader, High-Speed Paper 1207 ; 
Storage, Error Detection and Accuracy 
Control in Magnetic 44 


836 


Transport, Use of the Printed Motor in 
1362 
—See also Magnetic Tape, Paper Tape 
Tapped-Potentiometers, Quadratic Interpola- 
tion by 285 
Technical Literature, 
Machine-Made Indexes for 79 
Use of Memories as Indexes for 3 
—See also Information Retrieval 
Telemetry, Low-Speed Time-Multiplexing 1783 
Telephone: 
Circuits, Error Statistics for Binary Trans- 
mission 1752 
Data Transmission, Phase Reversal Sys- 
tem for 1785 
Switching Systems, Application of Com- 
puter Techniques to 978 
Traffic Theory, Use of Computers for 192, 
193 
Teletypewriter Transmission, Error Detection 
System for 899 
Terminology, 
Glossaries of Computer 122 
Multilingual International Standards for 
Computer 1149 
Terminology for Mechanical Translation 114 
sRest 
Equipment for Data Transmission Error 
Studies 1438 
Matrices for Matrix Routines 674 
Programs for the HEC-4 Computer 357 
Routines Based on Symbolic Logical 
Statements 227 
System for: 
Adders, Residue Error 955 
Missile Controller, Computer Con- 
trolled Automatic 1336 
—See also Error(s), Reliability 
Testing: 
Analog Computers 1609, 1610 
Digital: 
Computers by Simulation 1106 
Data Transmission 1437 
and Training Console Operators 1315 
Theorem Proving by: 
Machines 816, 1547 
Pattern Recognition 967 
Theoretical Linguistics—See 
Mechanical 
Thermodynamic Irreversibility of Computing 
Processes 1644 
Thin: 
Film: 
Cryotron Ring Oscillators, Analysis 
of 1171 
Cryotrons, Characteristics and Cir- 
cuits of 1170 
Networks, Design Techniques for 
Multilayer 1659 
Techniques 568 
Magnetic Films, 
Cross-Tie Walls in Permalloy 1165 
Magnetic Fields of: 857 
Anisotropy in 853, 854 
Fields in Domain Walls of 851 
Magnetization Reversal of 1166, 1669 
Nanosecond Switching in 859 
—See also Magnetic Films 
Superconducting Films, Magnetic-Field 
Attenuation of: 852 
Phase Transition of 856 
Properties of 1169 
Thermal Propagation of a Normal 
Region in 1172 


Translation, 


Thinking, 
oie’ Facilitation of Formulative 
Machine Program Generation by Com- 

puter 1249 

Thinking—See also Intelligence 

Thought Processes, Mechanization of Artificial 
Intelligence 314 

Threaded Lists in Programming Processors, 
Use of 1530 

Three-Valued Logic to Base Three Digital Cir- 
cuits, Application of 1232 

Threshold: 

Devices, Realization of Arbitrary Boolean 
Functions by 1319 
Logic: 

REE Magnetic Film Parametron 
Networks, Synthesis of 1639 
THUNKS, a Method of Compiling Procedure 

Statements 1521 

Thyrite Rods in Squares Generation, Use of 733 

Time: 

Compression Techniques for 


Magnetic 
Drum Storage 421 


IRE. TRANSACTIONS ON ELECTRONIC COMPUTERS 


Delay Networks Using Elliptic Functions 
870 
Division Multipliers, Four Quadrant 585 
Measurement by Inductance 551 
Redundant Error Correction 659 
Series, Analysis of 773 at, 
Sharing in Process Control Applications 
794 
Timing Circuits Using Precision Limiters 731 
Tin Films, Low Residual Resistivity of Super- 
conducting 855 
Tools, Control of Machine 218, 220 
Topological: 
Method for Recognition of Line Patterns 
1287 
Methods for Synthesizing Switching Func- 
tions 1122 
Models in Probability Theory, Switching 
Circuits as 92 ; 
Topology, Same Combinatorial Lemmas in 
1572 
Track: 
Selection for a Magnetic Drum Store 883 
Switching for Magnetic Drum Memories 
16, 151 
TRADTE: 742 
Leprechaun Computer, Circuits for 1009 
Training and Testing of Console Operators 1315 
TRANSAC: 
Digital Control Computers 177 
S-2000 Computer 749 
Transcendental: 
Equations, Solution of 200 
Functions, Rational Approximations for 
1265 
Numbers, Continued Fraction Approxima- 
tions for 1718 
Transducers, 
Probabilistic 425 
Shaft Position 1454 
Time-Varying Linear Binary Sequence 
1130 
Transfluxor Circuits, Principles of 1026 
Transfluxors, 
Current Steering by 704 
Shift Registers Using 149 
Transfluxors in Digital Computers, Use of 900 
Transform Theory, Philosophy of 1565 
Transformation of Program Schemes, Identical 


Biri ue of Error-Correcting Codes 
113 
Transforms, Finite Sturm-Liouville 1414 
Transistor: 
Adders 13, 1330 
Amplifiers for Analog Computers 28 
Analog: 
Computers 168 
to Digital Converter 1620 
Multiplier: 1613 
and Divider 1763 
Applications in a High-Speed Parallel 
Computer 1007 
Binary Counters 144 
Bistable Circuits 141 
Ee Oscillators for Digital Systems 
2 
Circuits for a: 
Digital Differential Analyzer 1012 
Ferrite Store 1018 
Computing Circuits 140 
Current: 
Amplifiers for Analog Computing 697 
-Mode Logic 1349 
DC Amplifier for Analog Computers 1015 
Decade Counters 143 
Digitial Computer, Failure Rates for a 304 
-Diode: 
Logic 1006 
Logic, 
Binary Counter Using 1495 
Hybrid 1348 
NOR Circuits, Design of 1005 
Driven Magnetic Core Memory 1047 
Drivers for Fast Memory Access 571 
Fast Pulse Logic Circuits 1661 
Function Generators 156 
General Purpose Computer for the B-70 
Air Vehicle 1457 
Life in the TX-O Computer 1480 
Logic, Direct-Coupled 556, 1009 
Logic Circuits 9, 27, 281 
-Magnetic Core: 
Accumulators 1353 
Circuits 25 
Counters 145, 1039, 1353 
Decoders 1039 
Memories 295, 877 
Module for High-Frequency Logic 1010 
Multiplier-Dividers 10 


December 


Multipurpose Logical Devices 1008 
Operated Arithmetic Circuits 12 
Pulse: 
Circuits 555, 869 
Generators 30 
Shapers 1671 
-Resistor: 
Circuits, Propagation Delay for 553 
Logic Circuits, Design of 554 
Networks, Monte Carlo Analysis of 
Propagation Delay in 1181 
Reversible Decimal Counters 1672 
Scaling Stage 1053 
Storage and Logic Circuits 1011 
Swtiches 407 
Switches, Four-Layer 407 
Switching: 
Circuit Techniques, Comparison of 
Saturated and Nonsaturated 1182 
Circuits 279 
Circuits, Computer Simulation of 629 
25-Mc_ Clock-Rate Computer Circuits 
1186 
Word Generators 890 
Transistorized: 
Basic Modules for Digital Systems 735 
Building Blocks for Data Instrumentation 
1456 
Capacitor-Diode Memory Systems 152 
Central Pulse Generator 1016 
Transistors, 
Current: 
Build-Up in Avalanche 1347 
Switching and Routing Techniqies Us- 
ing 1183 
Direct-Coupled Unipolar 408 
Shift Register Integrated 889 
Simulation of Diffusion Processes in 231 
Transistors: 
as Bidirectional Switches 1013 
in Combinational Switching Circuits 1014 
in Digital Computers, Use of 301, 302, 304, 
305, 734, 900, 1061 
in Switching, Use of 278 
Transition Matrices of Sequential Machines 496 
Translation, 
Algorithms for Formula 610 
Mechanical: 1533 
Application of the Mercury Computer 
to 1298 
pe. Programming System for 
4A 
Comit Compiler-Interpreter for 1294 
Compression of Dictionary Informa- 
tion for 476 
Electronic Reading Machine for Eng- 
lish-Japanese 1292 
English-Russian 1297 
Formal Properties of Grammars 522 
French-English 81 
General Analysis Method 255 
German Sentence Recognition 948 
Rees and Computer Program for 
Harvard Research on 1295 
Information Evaluation 115 
Input Device for Automatic Dic- 
tionary 162 
Interlingual 112 
Method for Discovering Grammars 
for Phrase Structure Languages 
1293 
Order of Subject and Object in Rus- 
sian 949 
Sena Discourse into Formal Logic 


Present Status of 1383 
Programming Languages 183 
Pronoun and Prepositional Ambigui- 
ties in German-English 524 
Punctuation Patterns 223 
Research Methodology 222 
in Russia 950, 951 
Russian 801 
Russian, 
Syntactical 525 
Word Order 116 
Survey 538 
Syntactical 113 
System for 1696 
Theory of Files Applied to 1382 
Uniform Linguistic Terminology 144 
Use of Statistics in 523 


Translation, Threaded List Procedure for 
Formula 1530 
Translation: 
of oe Expressed Recursive Processes 


from Algorithmic Language to Object 


1961 


Language, 
1688 
of Pegasus Autocode to Mercury Code 


Compiling Technique for 


Routine for the DEUCE Computer 609 
Translator, 
CLIP 1514 
FORTRAN Arithmetic 332 
Internal Organization of the MAD 1512 
Magnetic Tape as Auxiliary Storage for 
ORACLE-ALGOL 1511 
Single-Level to Triple-Level Memory 1247 
Translators, 
Algebraic: 453, 605, 923 
—See also Languages 
Transmission of Data—See Data Transmission 
ee An Electrostatic Impedence 
Transposition of Matrices 110 
Np Tubes in Computers, Use of 
5 
Trees: 
by ene and Diameter, Enumeration of 
14 
in Tag Sorting, Use of 1268 
to Wire-Length Minimization, Applica- 
tion of 640 
Tridiagonal Matrices, Sturm Sequences for 
1256 
Trie Memory Concept for Information Re- 
trieval 1280 
Trigger: 
Circuits, Tunnel Diode 1345 
Circuits Using Cold-Cathode Tubes 24 
Trigonometric Computers: CORDIC 582, 594 
Triple Address Machines with Single Address 
Machines, Comparison of 745 
Truncation Errors: 251 
in the Solution of Differential Equations 
829 
Truth: 
Function, Irredundant Normal Forms of a 
1221 
Function Evaluators 579 
Functions, 
Generalization of Quine’s Theorem for 
Simplifying 1637 
Minimization of 1316 
Unate 1468 
Tables in Logical Design, Use of 1114 
Tunnel Diode: 
Analog-to-Digital Converter 1768 
Counters 1190 
Digital Circuitry 1179 


Subject Index 


Locked Pair, Waveforms for 1346 
Logic Circuits 1001, 1004, 1180, 
1345, 1485, 1660 
Turing Machines: 129, 176, 316 
as Unbounded Automata 1067 
See also Automata 
Twistor, Theoretical Model for the Magnetic 
Field of a 1164 
Twistor: 
Bits, Demagnetization of 1499 
Fabrication by Electrodeposition 864 
Memory Device 275 
Shift Register 284 
Storage: 1361 
Element 863 
oe eke, Storage, Transfer Techniques for 
65 
TX-2 Computer, 
Electrostatic Display System for 1505 
Graphical Manipulation Using 1646 
Magnetic Film Memory for 1196 


1344, 


U 


Unate Truth Functions 1468 
Unijunction Transistors, Bistable Circuits Us- 
ing 141 
Unipolar: 
Field Effect Transistor Binary Adder 1487 
Transistor Devices 408 
Uniqueness of Weighted Code Decimal Number 
Representation 1397 
Univac, Automatic Programming Routines for 
1246 
Univac: 
Printer 160 
Solid-State Computer 302, 438 
UNIVAC-RANDEX II Random Access Sys- 
tem 1364 
Universal Computer-Oriented Languages 63, 
180 
Universities in Computers, Role of 682 
University: 
Administration, Computer Data Process- 
ing for 1078 
Communications Science Research 124 
Computer: 
Center Directors, Conference of 1146 
Use 334 
Computers, Survey of British 843 
Computing Centers, Organization of 1314 
Registration by Computers 336 
—See also Education 
Unnormalized Floating Point Arithmetic 479 


837 


Updating of Files by Means of a Cumulative 
File 478 

Uptime Ratio for Computer Operation 1104 

Ural Computer 596 


Vv 


Vacuum Deposition Cryotrons 276 
Variable: 
Field Length System for Data Processing 
440 
-Length Binary Codes 528 
Variance, 
Computations of Analysis of 621 
Statistical Program for Analysis of 1574 
Varistor Nonlinear Analog Component 1451 
Vertical Data-Processing Method of Parallel 
Computation 1324 
Vision, Short-Term Memory in 1593 
Visual Displays, Computer Generated 1366 
Voice: 
Communication, Computer Method for 
1389 
Data-Processing System, Description of a 
1065 
Voltage: 
Discriminators Using Cold-Cathode Tubes 
24 


Ratio Bridge, Automatic 1765 
Sources, Analog 26 


WwW 


Waveform Reshaper, Transistor-Diode 1495 
Waveforming Circuits Using Cold-Cathode 
Tubes 1789 
Wiener: 
Filter Theory to 
Application of 813 
Filters 396 
Wiring, Backboard 1482 
Wiring Tabulation by Machine Language, 
Generation of 263 
Word: 
Abbreviation, Systematic 1101 
Generator, Binary 890 
Woven Cryotron Memory 1050 


x 


Sampled Systems, 


X-1 Computer: 301 
System, Input-Output for 1204 


Z 


Zebra Computer, Research Applications of the 
929 
Zeros of Polynomials—See Roots 


338 


A 


Aaronson, D. A. 1173 
Abbott, H. W. 849 
Abeyta, I. 1350 
Abhyankar, S. 244, 368 
Abraham, C. T. 1301 
Abramowitz, M. 832 
Abramson, N. M. 834 
Abramson, P. 443 
Acampora, A. 1754 
Ackley, J. N. 1066 
Acton, L. 1682 
Adams, G. E. 340 
Aegerter, M. J. 674 
Aho, E. J. 1504 
Aiken, H. H. 1403 
Akerman, I. 1584 
Akushsky, I. Y. 1193, 1228 
Alaia, C. M. 170 
Alexander, S. 1653 
Alexander, W. M. 431 
Alford, jr. GH 1180 
Alger, J. R. M. 214 
Alique, M. 866 
Allen, C. A. 1679 
Allen, C. D. 239 
Almond, G. 1465 
Alonso, R. 986 
Alterman, F. J. 442 
Altman, G. W. 1102 
Alyshev, Iu. M. 754 
Amber, G. H. 47 
Amber, P. S. 47 
Amchin, H. K. 190 
Amemiya, H. 729 
Anderson, A. G. 11 
Anderson, A. H. 1358 
Anderson, E. G. 1612 
Anderson, J. R. 713 
Anderson, W. H. 828, 1083 
Anderson, W. P. 22 
Andrews, J. D. 1052 
Andrews, J. F. 1408 
Aoki, M. 1486 
Appleby, J. S. 1630 
Arbuckle, T. 352 
Archambault, M. 1790 
Archer, J. S. 74 
Arden, B. 453 
Arden, B. W. 1512, 1687 
Armstrong, D. B. 1027, 
1479 
Armstrong, D. P. 59 
Arntzen, W. 249 
Ashenhurst, R. L. 238, 
479, 1120 
Ashley, A. H. 1100 
Aspinall, D. 871, 1331 
Astrahan, M. M. 3, 741, 
995 
Athanassiades, M. 1771 
Atkinson, M. P. 423 
Auerbach, I. L. 1309 
Aufenkamp, D. D. 241, 
670 
Auger, E. P. 553 
Ault, D. F. 289 
Averbach, E. 1593 
Avery, R. W. 750 
Ax, A. F. 1606 
Axel, G. J. 1364 
Axford, S. J. 616 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


Three-Year Cumulative Author Index 


B 


Backus, J. W. 1240 
Bacon, G. C. 1043 
Bacon, IR, Jal; NSS 
Bagley, P. R. 472, 607 
Bailey, A. D. 46 
Bailey, K. V. 282 
Bailing Wy e392 
Baird, N. 798 
Bakanowski, A. E. 696 
Baker, F. B. 1738 
Balzetre |e Gaerne l/s, 
Baker, R. H. 279 
Bevkchiabal, |e, (Cx Ie sv 
Baldwin, Jr., J. A. 294 
Ball, R. B. 828 
Barakat, R. 1721 
Baran, P. 1285 
Barber, D. L. A. 423 
Bareiss, E. H. 1404 
Bar-Hillel, Y. 1383 
Barnard, III, G. A. 642 
Barnes, R. C. M. 304 
Barnett, M. P. 763 
Barrett, J. A. 1101 
Barrett, W. 1563 
Barrett, W. A. 1499 
Barritt, M. M. 628 
Barron, D. W. 1103 
Barry, P. H. 899 
Bartee, IT. C. 1473 
Bartky, W. S. 1123 
Baruch, J. J. 1607 
Basilevsky, Yu. Y. 1228 
Bauer, F. L. 752, 923, 1239 
Bauer, W. F. 1533 
Baumann, D. M. 1704 
Baitimann, T. 934 
Baumeister, P. 203 
Bayley, N. E. 1727 
Baxendale, P. B. 79 
Baxter, D. C. 209 
Bay, Z. 703 
Bazilevskil, I. I. 596 
Beach, L. A. 632 
Beam, W. R. 562 
Beasley, J. K. 784 
Beatson, T. J. 95 
Beck, F. 72 

Beck, R. M. 1337 
Becker, W. M. 550 
Beckett, P. G. S. 1594 
Begun, S. J. 1502 
Behrndt, M. E. 856 
Bekey, G. A. 17, 482 
Bell, C. G. 609 

Bell, D. A. 649 

Bell, W. D. 928 
Bellar, F. J. 1725 


Bellman, R. 194, 195, 
S27 OSM SOS heel 113% 
IBS, BS) 


Bellville, J. W. 737 
Belskaya, I. K. 1297 
Belsky, M. A. 352 
Belzer, J. 189 
Bemer, R. W. 646, 1302, 
1370, 1507, 1745 
Bender, R. R. 1339 
Bennett, C. A. 446 
Bennett, J. M. 1474 


Bennion, D. R. 1028, 1666, 
1667 
Bentzel, R. J. 190 
Berezin, L. S. 1144 
Bergen, A. R. 1703 
Bergman, R. H. 1344 
Berkeley, E. 247 
Berman, E. 1037 
Berman, M. F. 110 
Bernard, E. E. 627 
Bernholz, B. 1587 
Berning, A. 1273 
Berning, P. H. 1273 
Bernstein, A. 352 
Berrisford, H. G. 1308 
Betiy tan OL 
Bertram, J. E. 172 
Berwin, T. W. 1056 
Best, G. C. 1558 
Betts, R. 1491 
Bickart, T. A. 1616 
Bickford, R. G. 634 
Bigelow, S. C. 175, 906 
Billing, H. E. 1177 
Billings, A. R. 1041 
Billmeyer, Jr., F. W. 784, 
917 
Bills, G. W. 341 
Bingham, Jr., R. S. 470 
Birkel, Jr., G. 847 
Bishop, G. 1491 
Bittman, E. E. 420 
Bitzer, D. L. 46 
Blaauw, G. A. 406, 440 
Blachman, N. M. 688, 721, 
1635 
Blackford, S. H. 750 
Blair, C. R. 427, 473, 947 
Blake, C. W. 191 
Blake, D. V. 1630 
Blattner, D. J. 415 
Blessing, R. R. 1021 
Block, E. 416 
Block, R. M. 658 
Bloom, B. H. 481 
Blosk, R. T. 1340 
Blum, M. 367 
Blumberg, R. H. 856 
Blumenthal, S. 49 
Bobeck, A. H. 284, 863 
Boehm, E. M. 326 
Bogoslovskii, G. V. 903 
Bogusch, R. 1359 
Bohacek, P. K. 1779 
Bohn, E. V. 1158 
Bolze, C. C. 796 
Bonn, T. H. 1017 
Booth, A. D. 883, 1142, 
1208 
Boothroyd, A. R. 868 
Borgini, F. 1350 
Boron, P. E. 436 
Bose, R. C. 530, 993, 1304 
Bothwell, T. P. 1184 
Bottenbruch, H. 1511 
Boudreau, P. E. 1741 
Boyd, E. L. 853, 854 
Boyd, K. T. 1139 
Bradley, E. M. 1360 
Bradshaw, E. 902 
Brain, A. E. 1391 
Bramhall, J IN AES 


Brandon, D. B. 1094 
Brandwood, L. 524 
Brannick, L. J. 1608 
Bratman, H. 329 
Brauer, A. 101 
Braun, E. L. 437 
Bray, D. 1047 
Bray, T. E. 418 
Breitzer, D. I. 1502 
Bremer, J. W. 701, 1035, 
1168, 1673 
Bremer, R. W. 333 
Brennemann, A. E. 855, 
862 
Brenner, C. W. 363 
Brick, J. 618 
Bridges, D. B. J. 337 
Bridgland, Jr., T. F. 1262 
Brigham, R. C. 1628 
Brik, V. A. 87 
Brinkmann, K. H. 1152 
Brittenham, W. R. 606 
Broadbent, K. D. 1187, 
1197 
Brooker, R. A. 65, 765, 
SS 
Brooks, F. P. 952 
Brooks, Jr., F. P. 440, 793 
Broom, R. F. 858, 1172 
Brotman, L. 1092 
Broughton, M. B. 1154 
Brouwer, Jr., G. 901 
Brown, D. T. 1303, 1430 
Brown, F. T. 1704 
Brown, H. R. 171 
Brown, I. F. 587 
Brownlow, J. M. 1020 
Bruce, G. D. 1679 
Brunner, R. K. 464 
Bryen, J. F. A. 781 
Buchholz, W. 440, 746 
Buck, D. A. 549, 885 
Buckingham, R. A. 1314 
Buden, D. 1753 
Buelow, F. K. 1349 
Burbig, J. W. 1219 
Burgess, P. D. 1628 
Burke, R. L. 1480 
Burks, A. W. 1067 
Burns, M. C. 905 
Burr, R. P. 1362 
Burt, G. C. 76 
Bush, L. 486 
Bush, N. 1574 
Butcher, J. C. 1577 
Butler, Jr., K. J. 937 
Butler, S. A. 1345, 1660 
Butler, W. H. 748 
Byerly, R. T. 617 


Cc 


Cagle, W. B. 1006 
Cahill, W. F. 832 
Cain, A. L. 1018, 1057 
Cairns, F. V. 891 
Calabi, L. 533 
Caldwell, G. C. 383 
Caldwell, J. H. 1551 
Caldwell, S. H. 1014 
Caldwell, T. 1569 
Caldwell, W. F. 1155 
Calingaert, P. 1119, 1651 


December 


(Caille 1D, Ial, YS 
Campbell, D. J. 1086 
Campbell, S. G. 131 
Campeau, J. O. 666 
Cantrell, H. N. 1645 
Carey, W. M. 551 
Carlberg, E. F. 218 
Carleton, J. T. 322, 766 
Carlsson, S. G. 192 
Carp, R. M. 1368 
Carpenter, R. A. 796 
Carrell Js We 3237oide 
1525 
Carroll, W. N. 27, 1188 
Carroll, W. W. 1659 
Carter, I. P. V. 1199, 1200 
Cavestany, M. 1216 
Cayless, M. A. 1731 
Cederbaum, I. 850 
Certaine, J. 91 
Chackan, N. 766 
Chadwick, D. G. 360 
Chang, H. 857, 1029, 1164 
Chang, S. H. 989 
Chang, Y. N. 938 
Chaorss G2 sii 
Chao, S. K. 569, 1061 
Chapin, L. H. 1108 
Chasmar, R. P. 147, 1040 
Cheatham, Jr., T. E. 1519 
Chen, M. C. 142 
Chen, W. H. 1006 
Cheney, P. W. 1476 
Chenzoff, A. P. 1390 
Chien, R. T. 1115, 1201 
Chomsky, N. 522 
Chow, FE. S. 826 
Chow, W. F. 1179 
Chow, W. M. 521 
Christopherson, 
1677 
Choy eletosy 
Chu, K. 409 
Chynoweth, W. R. 421 
Circuit, M. P. 724 
Clark, E. 1514 
Clark, R. W. 550 
Clarke, B. 184 
Clarke, L. 1310 
Clarkson, W. K. 1647 
Cleave, J. P. 81, 610 
Cleissner, G. H. 424 
Clement, P. A. 1409 
Clenshaw, C. W. 820 
Cloot; Ra lca 40wi65 
Glubbi fess 101 
Clymer, A. B. 654 
Clynes, M. 812 
Cockayne, A. H. 1095 
Goddi E> hin 6 lem Ogae 
1238 
Codier, E. O. 593 
Cohen, E. 147, 1040 
Cohen, M. L. 1171 
Cohler, E. U. 1100 
Cohn, M. 1469 
Coil, E. A. 1282 
Coleman, D. 339 
GolimyAw a bast 
Collins, G. E. 1394 
Collins, Jr., G. O. 1519 
Collins, R. L. 739 


Wises 


1961 


Gollocmes|tea be aWes2t 
Comley, W. 1451 
Conger, R. L. 1669 
Connett, J. 1007 
Connolly, T. A. 1227 
Constantine, Jr., G. 35, 
1202 
Conte, S. D. 1261 
Conway, A. C. 1047, 1049 
Conway, M. E. 64 
Conway, R. W. 777 
Cook, Jr., C. R. 1186 
CGookewRea hen 
Cook, R. L. 794, 1461 
Cooke, F. 902 
Cooke, P. 1007 
Cooper, J. N. 1036 
Cooper, W. S. 476 
Coopper, R. A. 27 
Corbato, F. J. 518 
Coriell, A. S. 1593 
Corrington, M. S. 1710 
Cos, J. R. 362 
Couleur, J. F. 158 
Councill, E. D. 1679 
Coveyou, R. R. 814 
Cowell, W. R. 1748 
Cox, F. B. 428 
Cratt, iC. }.536 
Graft] si 1693 
Crane, He D136,-704, 
1175, 1288, 1664, 1665, 
1666 
Cress, H. A. 463 
Critchlow, D. L. 1345 
Crittenden, Jr., E. C. 1036 
Crittenden, R. L. 1390 
Crosby, D. R. 1346, 1350 
Crowley, T. H. 135, 1027 
Crowther, T. S. 1358 
Crozier, J. B. 647 
Crumb, Jr., C. B. 1080 
Griz |i Je Bs 1782 
Cunningham, J. A. 1445, 
1456 
Curl, F. G. 226 
Curtis, H. A. 375, 662 
Curtis rab CAo19 
Gurtz, 228.1371 
Cuthill, E. H. 388 
Cutrona, L. J. 1060 
Cuttle, G. 613 
Cyck, D. M. 233 


D 


Dadda, L. 1639 
Daggett, D. H. 582 
Dakin, R. J. 1474 
Dames, R. T. 1261 
Dantzig, G. B. 1423 
Darlington, S. 118 
Daughton, J. M. 1493 
David, Jr., E. E. 82, 225 
945, 1434 
Davie,W. A. J. 1210 
Davies, D. R. 348 
Davis, J. E. 337 
Davis, M. 1233 
Dean, M. A. 1107 
Deb, S. 1613 
deCampo, L. A. 1102 
DeClue, J. L. 1184 
deDufour, E. 1762 
Deeley, E. M. 285 
de Grolier, E. 125 
deKerf, J. L. F. 204, 403 
Dekkers, A. J. 1716 


Deana |r he B= 855 
De Lotto, I. 1671 
Dempsey, J. M. 1440 
Denes, P. 353 
Denison, Jr., A. B. 792 
Denman, H. H. 1526 
Dennis, B. K. 80 
Dennis, J. B. 786 
Dent, B. A. 1398 
dePaula, F. C. 402 
Desoer, C. A. 1623, 1776 
deTroge, N. C. 293 
de Troye, N. C. 503 
Deverall, G. V. 287 
deWitte, L. 1400 
Dickson, J. C. 1307 
Dickinson, W. E. 1096 
DiDonato, A. R. 679 
Dietrich, W. 859 
DiGri, V. J. 328 
Dinneen, G. P. 1472 
Dixon, W. 1108 
Doganovskii, S. A. 809 
Dolph, C. L. 1761 
Domenico, R. J. 629 
Donegan, A. J. 466 
Donylchuk, I. 887 
Doody, D. T. 1339 
Dooley, R. P. 1616 
Dorn, W. S. 1306 
Douce, J. L. 884 
Douglas, A. S. 69, 70, 187, 
356, 843, 1243 
Douglas, Jr., J. 253 
Doyle, R. H. 228 
Duane, J. T. 214 
Duffy, R. M. 1614 
Duijvestijn, A. J. W. 1716 
Duinker, S. 1163 
Dukes, J. M. C. 1016 
Dumanian, J. A. 1472 
Duncan, F. G. 1236, 1247 
Dunham, B. 242, 447, 
1008 
Dunn, E. L. 1568 
Dunnet,. WwW. J. 25,7) 553; 
1181 
Diitsch, H. U. 210 
Dutta Majumdar, D. 722 
Dvorak, A. 619 


E 


East, L. V. 1626 

Ebald, R. 1595 

Eckl, D. J. 1480 

Eden, M. 660, 738, 1590 

Edmonds, A. R. 804 

Edmundson, H. P. 222, 
1698 

Edwards, A. G. 489 

Edwards, C. M. 706 

Edwards, D. B. G. 1331, 
1356 

Edwards, H. H. 
1168, 1673 

Ehat, R. 918 

Ehlers, F. E. 1443 

Ehlers, H. L. 168 

Ehrlich, L. W. 390 

Eichbaum, B. R. 272 

Eichbaum, R. 1030 

Eidson, J. 964 

Eldred, R. D. 227 

Eldridge, D. F. 161, 278 

Elgot, C. C. 745 

Elias, P. 117 

El iasberg, V. M. 957 


1035, 


Author Index 


Elkind, J. I. 312 
Elldin, A. 192 
Ellenberger, K. W. 1405 
Ellerbruch, D. A. 275 
Elliott, Dy Ly 1556 
Ellis, D. H. 913 
Elspas, B. 500, 1138 
Emelianoy-Yaroslavsky, 
BeBe i193 
Emms, E. T. 1152 
Engel, H. L. 263 
Engelbart, D. C. 1666 
Englund, D. 1514 
Enticknap, R. G. 1437 
Epstein, G. 667 
Epstein, I. J. 1429 
Ercoli, P. 283 
Erickson, J. E. 1632 
Erickson, K. E. 493 
Eriksen, B. K. 1343 
Erlbach, E. 852 
Erpenbeck, J. J. 347 
Ershov, A. P. 62 
Esch, R. E. 982 
Estrin, G. 1285, 1486 
Eubanks, R. A. 892 
Byars ica loo0 
Evans, D. J. 1258 
Evans, T. G. 1508 


F 


Farber, M. 466 
Farbman, D. 1315 
Farrar | |letoo9 
Fatehchand, R. 1388 
Faulis, D. R. 875 
Fein, L. 642, 682 
Feiner, A. 698 
Fel’dbaum, A. A. 809 
Felton, G. E. 184 
Ferguson, D. E. 1381 
Ferguson, R. W. 215 
Ferraro, A. J. 462 
Feurzeig, W. 1516 
Fickett, W. 208 
Fike, C. T. 513, 574 
Filippov, V. I. 848 
Findler, N. V. 1069 
Findley, L. D. 796 
Firth, A. W. O. 1739 
Fisch, E. A. 1359 
Fischer, C. M. 1791 
Fischer, R. F. 284 
Fishbach, J. W. 516 
Fisher, M. E. 88 
Fisner, L. N. 754 
Fitzpatrick, G. B. 1226 
Flasterstein, A. H. 1402 
Flinn, E. A. 983 
Flores, I. 224, 1097, 1379, 
1532 
Florida, C. D. 12 
Floyd, R. W. 1528 
Flugge-Lotz, I. 209 
Fluhr, F. R. 888 
Flynn, 1. €.38 
Foglia, H. R. 1500 
Fontaine, A. B. 529, 1752 
Ford, D. J. 870 
Ford, P. W. 625, 1085 
Forgie, C. D. 802 
Forgie, J. W. 802 
Forrer, M. P. 544 
Forster, J. H. 133, 696 
Forsythe, G. E. 1411 
Fosdick, L. D. 785 
Foss, E. 878 


Fotheringham, J. A. 61 
Foulkes, J. D. 1540 
Hox Wile 
Fraenkel, A. S. 1475 
Franciotti, R. G. 611 
Franck, A. 1031 
Frank, R. 1788 
Frank, W. L. 519, 1253 
Frankel, S. P. 130, 545 
Franklin, D. P. 715 
Franks, D. A. 1270 
Frederick, F. P. 1307 
Fredkin, E. 1280 
Freedman, A. L. 417 
Freedman, J. F. 854 
Freeman, H. 1701 
Frei, A. H. 491 
Freiberger, W. F. 1267 
Freilich, A. H. 911 
Freiman) @y Vi. 531,532) 
1332, 1442 
Freundlich, M. M. 1502 
Friedberg, R. M. 447 
Friedland, B. 499 
Friedman, C. 77 
Friemer, M. 394 
Friend, E. H. 650 
Fritze, C. W. 589 
Fuchs, A. 850 
Fujisawa, T. 638 
Fujita, S. 1759 
Fukuda, Y. 195, 196 
Fulda, S. 620 


G 


Gabrielle, A. F. 630 
Gair, F. C. 266 
Galer, G. S. 780 
Gallager, R. G. 1752 
Gallaher, L. E. 288 
Galler, B. A. 831, 1687 
Gammel, J. L. 1717 
Ganzhorn, K. 1284 
Gardner, L. B. 1053 
Garner, H. L. 6, 364, 508 
Garwin, R. . 852 
Gauss, E. J. 586 
Gautschi, W. 1564 
Gavrilov M. A. 1128 
Gearing, H. W. 188, 258, 
401, 840, 1796 
Geffe, P. R. 216 
Gehman, J. B. 1502 
Gehmlich, D. K. 655 
Gelernter, H. L. 60, 369, 
924, 1251 
George, O. C. 938 
Gephart, L. S. 237 
Gerberich, C. L. 924 
Gerguson, D. E. 762 
Gerharz, R. 23 
Gerlough, Dy Ll. 1533 
Gerngross, J. E. 340 
Geyger, W. A. 146 
Ghandhi, S. K. 413 
Ghazala, M. J. 819 
Gianola, U. F. 135, 865, 
1027, 1492 
Gianoplus, A. S. 437 
Gibbons, A. 1260, 1517 
Gibby, R. A. 1088 
Giblin, J. 107 
Giedd, G. R. 856 
Giguere, W. J. 869 
Gilbert, C. P. 867, 1614 
Gilbert, E. G. 483, 959 
Gilbert, E. N. 528, 991 


839 


Gilbert, E. O. 584 
Gill, A. 954, 1073, 1230, 
1321 
Gill, S. 645, 759 
Gillies, D. B. 1255 
Gillis, J. 207 
Gilman, R. E. 379 
Gilmartin, M. J. 734, 742 
Gilmore, P. C. 1250 
Gilmour, A. 633 
Gilstad, R. L. 1378 
Gimpelson, L. A. 909 
Ginsburg, S. 371, 372, 672, 
920, 1322, 1471 
Ginzburg, S. A. 87 
Githens, J. A. 734, 742 
Giuliano, V. E. 1295 
Glimm, A. F, 1275 
Glomb, J. D. 1254 
Glover, A. C. 725 
Glover, C. C. 1573 
Glucharoff, T. 867, 1624 
Godel, N. A. 22 
Goetz, W. E. 205 
Golay, Mr Je EH. 710 
Gold, B. 305, 394 
Gold, R. D. 563 
Goldberg, E. A. 1156 
Goldberg, J. L. 1672 
Goldman, E. H. 1693 
Goldman, M. 1334 
Goldsmith, J. A. 842 
Goldstick, G. H. 456, 1182 
Goldstein, H. H. 381 
Golomb, S. W. 504 
Good, I. J. 126, 315, 1576 
Good, R. A. 1425 
Good, R. H. 1160 
Gordon, N. L. 1402 
Gorenstein, D. 1305 
Gorn, S. 603, 647 
Gosden, J. A. 1460 
Gotlieb, C. C. 1458 
Goto, E. 560, 1004 
Gott, E. 1557 
Gould, R. 97, 1125 
Gower, J. C. 111 
Grado, G. R. 1157 
Graham, M. 873 
Graham, R. 453 
Graham, R. E. 163 
Graham, R. M. 1512, 1687 
Granholm, J. W. 1533 
Grant, W. S. 298 
Grau, A. A. 1515 
Gimiys liz, ek Io 29, oo, 
546, 600, 829, 1535 
Gray, M. €. 1722 
Gray, R. b. 1361 
Greanias, E. C. 944 
Green, Jr., B. F. 648, 1520 
Green, B. K. 1037 
Green, D. M. 1386 
Green, H. D. 792 
Green, J. 320, 611 
Green [ey bleak 
Greenberger, M. 1737 
Greenspan, D,. 85 
Greenstadt, J. 657 
Greenstein, J. 1058 
Greenwald, I. D. 330, 760 
Greenway, R. D. 1275 
Greenwood, T.S. 37 
Gregory, J. G. 881 
Gregory, L. A. 961 
Gregory, R. H. 258, 772 
Grems, M. 1101, 1537 


840 
Greville, T. N. E. 1406 
Grey, L. 1097 


Griesmer, J. H. 1432 
Grimsdale, R. D. 1357 
Grimsdale, R. L. 351, 1249 
Grinich, V. H. 407, 1203 
Grisamore, N. T. 668, 703 
Grobin, Jr., A. W. 702 
Groginsky, H. L. 1770 
Groom, H. H. G. 1206 
Gross, F. J. 936 

Gross, W. A. 464 
Grosswald, E. 733 
Grover, D. J. 1016 
Gschwind, H. W. 444 
Guiliano, V. E. 643 
Gumin, H. W. 595 
Gummel, H. K. 1485 
Giinthard, H. H. 934 
Gurk, H. M. 1643 
Gurley, B. M. 727 
Gurzi, F. 872 
Gutenmaker, L. I. 1757 
Gutwin, O. A. 1020 
Gyorgy, E. M. 1019 


H 


Haas, I. 407 
Haefeli, H. G. 533 
Haga, E. J. 398 
Hagelbarger, D. W. 534 
Hagopian, R. H. 751 
Hall, M. S. 550 
Hallden, F. C. 736 
Halle, M. 1290 
Halliwell, J. B. 1756 
Halsbury, Earl of 259 
Halstead, M. H. 1242 
Ham, J. M. 128 
Hamblen, J. W. 637 
Hamilton, D. J. 30, 1347 
Hamilton, W. R. 236 
Hammerton, J. C. 44, 50 
Hamming, R. W. 202 
Hannig, W. A. 1325 
Hansen, J. R. 924 
Hansen, R. C. 392 
Hanson, J. W. 1525 
Harary, F. 502, 1229 
Harbert, F. C. 956, 1110, 
1161 
Harding, W. B. 695 
Hargreaves, B. 1372 
Harker, J. M. 464 
Harpell, G. 583 
Harper, K. E. 1296 
Harris, J. R. 556 
Harrison, J. M. 344 
Harrison, R. G. 555, 1661 
Hart, D. E. 1372 
Hartel, R. R. 422 
Hartmanis, J. 501, 1225, 
1642 
Harvey, R. A. 810 
Haughton, K. E. 464 
Haugk, G. 285 
Hawkes, A. K. 165 
Hawkins, E. N. 1236 
Hawkins, J. K. 1218, 1393 
Hayes, Jr., J. E. 738 
Haynes, J. L. 1662 
Haynes, M. K. 1351 
Hays, D. G. 222, 949, 1296 
Heard, H. G. 1447 
Heidrich, A. 488 
Heijn, H. J. 293, 
Heiser, D. H. 59 


1655 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


Helstrom, C. W. 1582 
Helt, Jr., F. R. 611 
Hely, IV, J. P. 43 
Hemy, D. C. 349 
Henrici, P. 1264 
Heritage, R. J. 1032 
Herlt, Jr., G. 1106 
Herman, R. 1011 
Herndon, T. O. 1358 
Herold, H. L. 751 
Herriott, D. R. 286, 287 
Hershey, A. V. 679 
Herzfeld, V. E. 589 
Herzog, A. W. 487 
Heuer, A. 1048 
Hickman, T. C. 776 
Hicks, J. S. 366 
Higgins, S. F. 445 
Highleyman, W. H. 1702 
Higonnet, R. A. 1116 
Hilbiber, D. 1203 
Hildebrandt, P. 354 
Hilibrand, J. 562, 563 
Hill, H. H. 1184 
Hill) Ee On loi 
Hill, R. 11456 
Hiller, Jr., L. A. 988 
Hilsum, C. 148 
Hindle, R. 1463 
Elirschs Caan 130 
lal, V4, (Es sil 
Hoagland, A. S. 1043 
Hochfeld, E. 358 
Hoedemaker, R. W. 10 
Hoff, M. E. 1709 
Hoffman, A. J. 1421, 1570 
Hoffman, G. R. 717 
Hoffman, W. 639 
Hofheimer, R. W. 429 
Hofman, E. J. 1439, 1786 
Hogan, J. E. 1081 
Hohenstein, J. F. 630 
Hohn, F. E. 670 
Holden, T. S. 1211 
Hollander, G. L. 177 
Hollingdale, S. H. 628 
Hollingsworth, J. 683, 
1148 
Hollitch, R. S. 165 
Holmes, D. P. 1040 
Holmstrom, J. E. 1149 
Holt, A. 1376 : 
Holt, A. W. 615 
Holzman, B. G. 1150 
Homick, S. D. 608 
Hong, K. 150 
Honnell, P. M. 229 
Hooke, R. 1711 
Hooper, D. W. 401 
Hoover, |t.,..C. W.)36, 
286 
Hopkins, A. L. 793 
Hopner, E. 1438, 1785 
Hoppel, C. J. 944 
Horbett, R. M. 1246 
lisltoyauyy 1s Aes MLN, Sy 
Horn, I. 144 
Horn, R. E. 229 
Hornsby, J. S. 769 
Horowitz, P. 1366 
Horst, P. 468 
Horton, J. W. 11 
Horvath, W. J. 1592 
Horwitz, L. P. 381, 1387 
Houghton, A. V. 1728 
Householder, A. S. 105, 
109, 684 


Householder, Jr., F. W. 
1695 
Housman, B. 741 
Howard, R. A. 1044 
Howard, R. L. 818 
Howell, B. J. 588 
Howell, J. R. 389 
Howell, K. M. 240 
Huffman, D. A. 494, 6064, 
1130 
Hughes, D. L. J. 1627 
Hughes, G. W. 1290 
Humphrey, S. M. 841 
Humphries, J. T. 211 
Hunt, J. M. 1449, 1764 
Hunt, P. M. 590 
Hunter, D. B. 1559 
Hurewitz, T. M. 592 
Huskey, H. D. 220, 1242, 
1522, 1527, 1688 
Hutter, E. C. 174 
Huxtable, D. H. R. 1247 
Hyde, E. 1095 


I 


Ianov, lu. I. 90, 182 

lijima, T. 1292 

Imoto, K. 1292 

Indiresan, P. V. 433 

Ingerman, P. Z. 647, 1269, 
1521, 1524 

Ingerson, W. E. 747 

Ingwerson, D. R. 1780 

Innes, D. 1385 

Inland Awl333 

Trons) Bee USO ors 

Irons, H. R. 145, 152, 1353 

Isaac, B. J. 650 

Isaacs, PJ. 598 

Isakson, G. 363 

Isbitz, H. 354 

Ishibashi, Y. 1004 

Ishida, H. 1004 

Ittner, W. B. 1167 

Itzkan, I. 1000 


J 


Jacchia, L. 75 

Jackson, G. E. 735 

Jacobi, E. 576 

Jacobs, J. F. 741 

Jacobson, J. D. 208 

Jacobson, R. A. 788 

Jakubowski, E. H. 155, 
1038 

James, A. P. 616 

James, D. B. 1173 

James, E. R. 26 

James, P. 743 

James, R. T. 40 

Jarrett, R. J. 1453 

Jarvis, D. B. 1183 

Jeeves, T. A. 108, 1711 

Jenkins, D. P. 1692 

Jenkinson, G. H. 41 

Jenny, F. F. 1659 

Jensen, B. A. 1719 

Joachin, G. S. 346 

Johnson, B. M. 777 

Johnsen, H. H. 1478 

Johnson, Jr., H. R. 1632 

Johnson, ‘L. R. 331, 1699 

Johnson, W. 20 

Johnston, B. 1272 

Jones, C. M. 583 

Jones, E. D. 577 

Jones, Fs 12h7 


Jones, R. S. 471 

Oey, Me Vl, Uskos 

Joseph, R. D. 1545 

Joss, E. J. 1566 

Juncosa, M. L. 825, 1735 
Jury, E. I. 907 


K 


Kac, M. 1741 
Kaenel, R. A. 1190, 1768 
Kahan, G. J. 855 
Kaiser, V. A. 1336 
Kalaba, R. 527, 1735 
Kamat, D. S. 16 
Kampe, T. W. 1215 
Kamsler, W. F. 1784 
Kane, B. 1048 
Kanes, M. 1792 
Kanner, H. 605, 979 
Kaposi, A. 552, 1039 
Karew, J. J. 1348 
Karibskii, V. P. 896 
Karibskii, V. V. 895 
Karnaugh, M. 1051 
Karpy Re Nis 123i toso 
Karplus, W. J..1415 
Karst, E. 1550, 1718 
Katchen, B. 1037 
Katz, DSs37 
iNarezae Seek oul 
Karz G0 
Kaufman, B. A. 566 
Kaufman, M. M. 34, 874 
Kaupp, H. R. 1346 
Kautz, W. H. 661, 1189 
Kavanagh, T. F. 1369 
Kawahara, M. 456 
Kay, L. R. 1078 
Kazmierczak, H. 1286 
Kease, W. J. 349 
Kefover, R. 1315 
Keit, H. A. 1213 
Keller, H. B. 1543, 1567 
Kellett, P. 1224 
Kellmann, H. P. 548 
Kelley, C. M. 1024 
Kellys lesnlale20s 
Kendrew, J. C. 623 
Kennedy, J. M. 616 
Keonjian, E. 547, 900 
Kerfoot, B. P. 697 
Kerr, R. B. 1774 
Ketchledge, R. W. 36, 164 
Ketchum, F. 160 
Kettel, E. 1763 
Kettering, C. 1445 
Kezarsky, K. 1654 
Khrenovy, B. A. 903 
Kilburn, T. 351, 717, 1249, 
1331s SOy Sor 
Kilmer, W. L. 659, 1581 
Kim, W. H. 531, 532, 1442 
Kimbro, G. M. 1554 
King, E. N. 436 
King, F. E. H. 1645 
King, G. W. 1694 
King, J. 1645 
King, J. E. 328 
King, P. F. 1441 
Kintner, P. M. 154, 507 
Kircher, P. 57 
Kirk, Jr., G. J. 190 
Kirkpatrick, E. T. 932 
Kaseda,a).. Ro 870025: 
1676 
Kjellberg, G. 1113 
Klamkin, M. S. 1565 


December 


Kleinfeld, E. 1418 
Klem, L. 648 
Kliman, M. 414 
Kloomok, M. 944 
Klyamko, E. K. 1193 
Kneubiihl, F. 934 
Knight, L. 724 
Knight, U. G. W. 1140 
Knuth, D. E. 770, 1684 
Kok, H. 1663 
Kolk, A. J. 1498 
Konigsberg, R. L. 1151 
Kovach, L. D. 1451 
Kochen, M. 373, 425 
Koerner, H. 731 
Kogbetliantz, E. G. 106, 
382, 984 
Koller, H. R. 799 
Korkowski, V. J. 14, 270 
Korn, G. A. 731, 1155 
Kornfield, N. R. 34 
Korolev, L. N. 89 
Korthals Altes, J. Ph. 359 
Kosonocky, W. F. 564 
Kozak, W. S. 153 
Kozarsky, K. 1338 
Krantz, F. H. 1433 
Krause, C. A. 28 
Krendel, E. S. 636 
Kroll, N. M. 567 
Krueger, D. 1106 
Kudlich, R. A. 1009 
Kuhn, H. W. 1572 
Kuhns) 2 beet 2 
Kulsrud, H. E. 1734 
Kurepa, G. 1112 
Kuss, G. 606 


L 


Laasonen, P. 102 
Lacy, RD: 1207 
Ladd, D. W. 311 
Lamb, D. 1658 
Lambert, J. 488 
Lambert, L. M. 880 
Lamont, J. S. 1407 
Lance, G. N. 200 
Landauer, J. P. 960 
Landauer, R. 1644 
Lane, R. 1595 
Langmuir, C. R. 1311 
Lanigan, M. J. 1356 
Larson, E. H. 355 
Lasser, D. J. 1736 
Latorre, V. R. 1155 
Lavine, L. R. 206 
Lawler, E. L. 1220 
Lazarus, R. B. 943 
Leagus, D. G. 343 
Lebedev, S. A. 598 
ledley, #Ro S2505.007008 
1079 
Ledsham, F. C. 1561 
Lee, C. Y. 343, 475 
Lee, R. C. 428 
Lehiste, I. 116 
Lehman, M., 8, 1675 
Lehmann, J. 174 
Lehmer, D. H. 1723 
Lehrer, N. H. 1501 
Leibowitz, R. C. 32 
seiner) s\n 4305 Ole 
1534 
Leith, E. N. 1060 
Lemack, A. G. 25 
Lentz) je 1.922 
Leonard, G. F, 1519 


| 
| 


eT te, 


1961 


Leondes, C. T. 908 

Lepschy, A. 1766 

Lepson, B. 930 

Lesh, F. H. 226, 676 

Levine, N. 1712 

Levinthal, J. 751 

Levison, M. 1298 

Levy, E. C. 520 

Lewis, H. F. 886 

Lewis, J. K. 1502 

ikewist be ly LOS 

Lewis, T. B. 1457 

Lewis, T. S. 1428 

Lewis, W. D. 999 

Li, S. T. 260, 687 

Liapuno, A. A. 997 

Lichtenberger, W. W. 
1775 

Licklider, J. C. R. 845 

Lieblein, J. 621 

Liebman, P. M. 307 

Liedtke, R. A. 461 

Lilamand, M. L. 708 

Lin, G. 792 

Lindaman, R. 973, 1222, 
1469 

Lindgren, B. W. 1588 

Ling, A. T. 1338 

Linsky, V. S. 1193 

Lipkin, M. 1596 

Lippel, B. 1429 

Litwin, S. 1708 

Livesey, P. B. 716 

Livesley, R. K. 1091 

Lloret, J. L. 866 

Lloyd, D. J. 1041 

Lo, A. W. 564 

Loberman, H. 640 

Loeb, H. L. 1266 

Loebner, E. E. 699 

Loewe, R. T. 1366 

Lofgren, L. 817 

Lokay, H. E. 190 

Lombardi, L. 1382, 1685 

Lommis, Jr., H. H. 1646 

Lones, R. H. 1267 

Long, R. W. 215, 617 

Long, T. R. 1034 

Longland, J. R. 1184 

Longman, I. M. 980 

Looney, D. H. 267 

Loopstra, B. J. 301, 1204 

Loughhead, W. A. E. 1039 

Lovell, C. A. 573, 698 

Bow, P. R. 1323 

Lowe, R. R. 28 

Lowenschuss, O. 414, 450, 
1299 

Lowry, E. S. 761 

Lowry, T. N. 698 

Lucal, H. M. 965 

Lucier, R. O. 1466 

Luebbert, W. F. 321, 1234 

Luhn, H. P. 48, 940 

Lund, G. E. 875 

Lunneborg, C. E. 201 

Lusted, L. B. 797, 1079, 
1598, 1602 

Lyden, Jr., J. A. 361 

Lynch, E. E. 232 

Lynch, J. T. 1348 

Lyon, R. L. 1454 

Lyons, J. 1695 


M 


MacArthur, R. C. 159 
MacDonald, J. E. 837 


Macdonald, N. 257 
Machmudov, U. A. 597 
Machol, R. E. 1313 
MacIntyre, W. M. 624 
Maclean, M. A. 871 
MacNichol, Jr., E. F. 740 
Macon, N. 822 
MacsSorley, O. L. 1327 
MacWilliams, J. 1583 
Maddox, J. L. 749 
Madich, P. 484 
Maehly, H. J. 981, 1265 
Magnusson, E. F. 214 
Majumder, D. D. 151 
Maley, C. E. 1724 
Maley, G. A. 1323 
Mallinson, C. W. 782 
Mamison, J. H. 869 
Manke, H. R. 1765 
Mann, A. O. 405 
Manne, A. S. 1141 
Marcatili, E. A. 1742, 1750 
Marchant, H. 19 
Marcus, M. 1729 
Marcus, M. P. 280, 1747 
Marcus, R. S. 395 
Marcus, S. M. 408, 1487 
Marden, E. 635 
Marden, E. C. 799 
Marette, G. F. 1031 
Margolin, P. 1217 
Marill, T. 1386, 1508 
Marimont, R. B. 377, 1571 
Markov, A. A. 100 
Maron, M. E. 1277 
Marshall, D. P. 355 
Martens, H. H. 757 
Martin, D. W. 103 
Martin, R. J. 1450 
Martin, T. W. 766 
Masek, J. R. 1787 
Masher, D. P. 9, 1005 
Masnari, N. A. 1450 
Mason, H. L. 635 
Mason, J. P. 930 
Masterson, Jr., K. S. 1374 
Mathews, M. V. 225 
Mathis, V. P. 849 
Matsuoka, Y. 1004 
Matteson, R. G. 1435 
Matthews, G. A. 1039 
Matthews, G. H. 948 
Mauchly, J. W. 345 
Maxwell, W. L. 777 
May, M. 1044 
Mayeda, W. 1121, 1442 
Mayer, R. P. 741 
Mayes, T. L. 1325 
Maynard, F. B. 13 
McArthur, R. 1242 
McCarthy, J. 939 
McCarthy, J. F. 1696 
McCluskey, Jr., E. J. 243; 
971, 972, 976 
McCullough, C. E. 1611 
McDermid, W. L. 1496, 
1500 
McDonald, H. S. 225 
McDonnell, J. A. 750 
McDonough, E. 761 
McGalliard, D. H. 335 
McGee, W. ©. 181 
McGrath, R. J. 1621, 1777 
McHugh, P. G. 989 
McIntyre, H. N. 191, 342 
Mclsaac, P.R. 1600 
McKay, R. W. 292, 1023 


Author Index 


McKenna, Jr. J. F. 1696 
McLeod, J. 306 
McMahon, H. 276 
McMahon, R. E. 279, 295, 
719, 1022 
McNair, A. J. 790 
McNamara, F. L. 295 
McNaughton, R. 1068, 
1468, 1641, 1708 
McWhorter, A. L. 411 
Mealy, G. H. 343 
Meggitt, J. E. 1137 
Meier, D. A. 134, 273, 566 
Meiron, J. 459, 933 
Meissner, L. P. 593 
Meissner, P. 1445, 1619 
Melas, C. M. 836, 1438 
Melmed, A. 876 
Meltzer, B. 587 
Melvin, D. K. 978 
Menard, J. P. 1274 
Mendelsohn, A. 1654 
Meneely, G. R. 1601 
Mercer, R. J. 2 
Merchant, J. 1153 
Merner, J. N. 1684 
Methfessel, S. 651 
Metropolis, N. 238, 479 
Metze, G. 496, 1192 
Meuleman, R. 1795 
Meyer, H. A. 237 
Meyer, J. F. 1783 
Meyer, R. A. 228 
Meyers, N. H. 1162 
Mezei, J. E. 1640 
Michael, W. A. 464 
Michaud, R. E. 1055 
Middelhoek, S. 851 
Middleton, D. 242 
Miehle, W. 579 
Mielke, J. J. 886 
Mikulich, R. C. 1609, 1610 
Milledge, D. 779 ; 
Miller, A. E. 1334 
Miller, C. E. 1426 
Miller, E. R. 324 
Miller, F. M. 774 
Miller, G. A. 115 
Miller, G. L. 873 
Miller, G. P. 1044 
Miller, J. C. P. 1259 
Miller, J. L. 324 
Miller, K. S. 1618 
Miller, R. E. 96 
Miller, R. F. 1753 
Mills, M. J. 779 
Milne, W. E. 249, 384, 827 
Milnes, A. G. 857, 1164 
Milnes, H. W. 387, 826 
Mina, K. V. 1668 
Minami, S. 1759 
Mine, H. 434 
Minker, J. 1643 
Minnick, R. C. 678, 1045, 
1467 
Minor, W. H. 478 
Minsky, M. 1384 
Mintzer, L. 1209 
Mitchell, A. J. 1243 
Mitchell, E. N. 1195 
Mitchell, G. 904 
Mitchell, J. 18 
Miura, T. 169 
Miyamoto, K. 1589 
Miyata, J. J. 422 
Mjura, T. 729 
Mock, O. 63, 325 


Mole, P. D. 627 
Monakhof, G. D. 1193 
Moody, N. F. 555, 1661 
Mooers, C. N. 1276 
Moore, A. C. 419 
Moore, C. J. 1428 
Moore, D. R. 630 
Moore, D. W. 568 
Moore, E. F. 528, 1111, 
1320 

Moore, J. W. 756 
Moorhead, N. G. 198 
Morgan, L. P. 1183 
Morgan, M. L. 1448 
Morgan, W. L. 537 
Morleigh, S. 139, 299 
Moroney, R. M. 213 
Morreale, F. S. 912 
Morris, D. 1373 
Morrison, D. 391 
Morrison, J. 1615 
Moshman, J. 93, 806 
Moto-Oka, T. 1004 
MMos, [img We Tele eal 
Mowery, V. O. 132 
Moxley, Jr., S. D. 1795 
Muehldorf, E. I. 975 
Muir, A. 71 
Mukhopadhyay, A. 1638 
Muller, D. E. 1123 
Muller, E. 219 

Muller, M. E. 365, 457 
Mulligan, Jr., J. H. 297 
Mullikin, T. W. 825 
Munson, J. K. 485 
Murata, K. 1004 
Muroga, S. 599, 1223, 1542 
Murphy, C. H. 234 
Murphy, G. J. 1740 
Murphy, R. W. 966 
Murray, A. E. 919 
Murray, W. D. 1433 
Musk, F. I. 614 

Myhill, J. 1470 


N 


Nadalin, E. 1793 

Nadler, M. 669, 1648 

Nagaraja, N.S. 86 

Nagata, M. 169 

Nagazawa, K. 1004 

Nagler, H. 652, 1377 

Nambiar, K. P. P. 868 

Narasimhan, R. 921 

Narkew, B. 1174 

Narud, J. A. 1352 

Nather, R. E. 1686 

Nather, V. 212, 935 

Naur, P. 1072 

Neal, W. R. 1104 

Nease, R. F. 786 

Neeteson, P. A. 1490 

Neff, G. W. 1345 

Neisser, U. 1283, 1289 

Nelson, A. M. 570 

Nelson, C. W. 1562 

Nesenbergs, M. 132 

Nethercot, Jr., A. H. 1178 

Netherwood, D. B. 121, 
506, 671, 685 

Neumann, P. G. 793, 1744 

Newcombe, H. B. 616 

Newell, A. 83, 449, 1248 

Newhall, E. E. 1027, 1668 

Newhouse, A. 1398 

Newhouse, V. L. 34, 701, 

741, 1035, 1168, 1673 


841 


Newman, D. J. 1565 
Newman, E. A. 1630 
Newman, E. B. 115 
Newman, K. M. 1205 
Nikolaeva, T. M. 525 
Nishino, H. H. 600 
Noble, F. W. 738 
Nolan, J. J. 795 

Noll, J. C. 869 
Noorda, R. J. 1082 
Norris, A. 233 

North, J. H. 242, 447, 
1008 

Norton, R. V. 127 
Notham, M. H. 441 
Notz, W. A. 439, 591 
Numakura, T. 729 
Nunn, M. 626 
Nussbaum, E. 1333 


O 


Oakland, L. J. 290 

O;Connell ae 
1706 

Oden, P. H. 170 

Oettinger, A. G. 162, 951, 
1295 

O’Hern, E. A. 1794 

Okumura, Y. 1292 

Olivier, D. 1720 

Olsen, K. H. 879 

Olson, E. R. 138 

Olsson, J. K. A. 1046 

Olsztyn, J. 63 

O’Meara, T. R. 709 

Onyshkevych, L. S. 564 

Opler, A. 798 

Orchard-Hays, W. 1500 

Ord, G. 1013 

Ord-Smith, R. A. J. 929 

Organick, E. I. 1312 

Orlando, P. 486 

Ornstein, S. M. 1751 

Ortega, J. M. 1256 

Ortel, W. C. G. 557 

Osborne, E. E. 1410 

Osborne, J. S. 944 

Osterle, W. H. 236 

Osterlund, A. G. 464 

Otterman, J. 84, 791, 931 

Overend, J. 1084 

Overn, W. M. 14, 270 

Owen, P. L. 890, 1342; 
1657 


1174, 


sp 


Padwick, G. C. 1018 
Page, E. S. 755 
Paine, R. M. 1375 
Painter, J. A. 942 
Palermo, C. J. 1060 
Palevsky, M. 897 
Palocz, I. 567 
Papain, W. N. 572 
Papworth, D. G. 1093 
Parezanovié, N. 1413 
Parker, E. J. 1466, 1535 
Parker, W. E. 1626 
Parker-Rhodes, A. F. 523 
Parsegyan, B. I. 1031 
Partridge, M. F. 1342, 
1657 
Partridge, R. S. 878 
Paschkis, V. 173 
Pate, H. R. 873 
Patrick, R. L. 1070 
Patton, A. D. 1271 


842 


Paull, M. C. 663 

Paulsen, R. C. 416 

Pavley, R. 639 

Pawlak, Z. 378, 1354 

Pearson, G. L. 274 

Pearson, R. T. 1363 

Peckham, C. G. 467 

Pedowitz, R. P. 228 

Peel, D. A. 1441 

Perlis, A. J. 541, 1530 

Perlmutter, A. 426 

Perry, C. 1132 

Perry, K. E. 429, 580, 1504 

Petersen, H. E. 1496, 
1500, 1676 

Peterson, G. R. 1155 

Peterson, W. W. 376, 529, 
807, 955, 1305, 1430, 
1431 

Petrich, J. 484 

Petrick, S. R. 1389 

Pfeffer, H. 799 

Pfeiffer, P. E. 432 

Phillips, J. G. 787 

Phillips, N. A. 1444 

Piccioni, O. 1160 

Pienkowski, T. M. 1781 

Pilnick, C. 1062 

Pinkerton, J. M. M. 1656 

Pipberger, H. V. 635 

Plano, P. 749 

Platt eae loss 

Plattner, D. J. 559 

Platzek, R. C. 886 

Platzer, H. L. 217, 636 

Podgor, S. 632 

Pohm, A. V. 860, 1033, 
1176, 1195, 1493 

Pollack, M. 195, 197, 1087 

Polley, D. W. 1464 

Pope, D. A. 1329 

Porcello, L. J. 1060 

Porezanovich, N. 484 

Porter, A. 317 

Porter, J. 712 

Potter, R. L. 1089 

Potts Re Boo 

Povarov, G. N. 1126 

Powell, R. V. 490 

Powers, J. E. 386 

Prange, E. 990 

Prangle, E. 393 

Prather, R. 1316 

katt eke D wool 

Prawitz, D. 974 

Prawitz, H. 974 

Preiser, S. 1762 

Priebe, H. F. 877 

Prince, B. M. 1647 

Pritsker, A. A. B. 310 

Proebster, W. E. 859 

Prosser, R. T. 1129 

Pruden, F. W. 1090 

Prutton, M. 1165, 1166 

Prywes, N.S. 149, 711 

Pugh, E. W. 854 

Pulvari, C. F. 412, 714 

Piet INE IN Wie 

Purvis, M. B. 287 

Putman, H. 1233 


Q 
Quartly, C. J. 720 
Queal, Jr., R. W. 1214 
R 
Rabin, M. O. 316, 376 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


Rabinovici, B. 1670 
Rabinowitz, G. 1762 
Rabinowitz, P. 1477 
Radchenko, A. N. 848 
Rattely | eee 29196: 
1358 
Ragonese, F. 224 
Rajaraman, V. 1777 
Rajchman, J. A. 268, 704, 
1001, 1026, 1355 
Ralstommamoltonnl Aa 
IRexoy, 12 Wo Ss. ONS 
Rapaport, H. 443 
Rapela, C. E. 792 
Rapoport, A. 1592 
Rasmussen, N. L. 237 
Rasmussen, R. A. 914 
Raspanti, M. 753 
Rawdin, E. 265 
Ray-Chaudhuri, D. K. 
993, 1304, 1579 
Raymond, G. A. 601 
Read, A. A. 860, 
1176 
Ream, N. 730 
Redfern, P. 778 
Rediker, R. H. 411 
Redshaw, S. C. 958 
Reed, F. 839 
Reed, I. S. 261 
Reeves, R. F. 251 
Reid, C. M. B. 1707 
Reid, L. W. 601 
Reid, W. P. 1414 
Reiffen, B. 1743 
Reifler, E. 114 
Reiger, S. H. 1136 
Reitman, W. R. 1548 
Reitwiesner, G. W. 538, 
1105, 1131, 1328 
Rekasius, Z. N. 1769 
Rennert, J. 548 
Renwick, W. 894 
Reps, D. N. 190 
Reynolds, N. 249 
Reynolds, R. R. 384, 827 
Rheinboldt, W. C. 1274 
Rhoderick, E. H. 410, 700, 
2 
Rhodes, W. H. 1678 
Rich, A. 348 
Reveley, ARS 1 es 
Richards, P= By 73 
Richards, R. K. 262, 686 
Richards, W. A. 1484 
Richardson, J. E. 1219 
Richens, R. H. 112 
Rideout, V. C. 1621, 1777 
Ridinger, P. G. 698 
Riesz, R. P. 274 
Rindt, eejer2 lo nous 
Ringer, M. 1209 
Riordan, J. F. 1371, 1420 
Ritchie, C. C. 430 
Rivlin, T. J. 1401 
Robbins, H. M. 813 
Roberts, Jr., A. E. 953 
Roberts, M. deV. 61, 352 
Robertson, J. E. 4, 541, 
1192 
Robinette, J. C. 1700 
Robinson, C. 185 
Robinson, S. M. 1133 
Rochester, N. 60 
Rockoff, M. L. 1603 
Rogers, D. J. 1300 
Rogers, J. L. 294, 1341 


1033, 


Rogovin, S. 948 
Romanelli, M. J. 454 
Rork, D. W. 566 
Rose, J. 764 
Rose-Innes, A. C. 726 
Rosenberger, G. B. 277 
Rosenblatt, F. 946, 1544 
Rosenfeld, J. L. 31 
Rosenheim, D. E. 435 
Ross, D. S. 1566 
Ross, D. T. 1546 
Ross, H. McG. 1509, 1683 
Rosse, [[iic, (Ge lake isu 
Rosser, J. B. 129 
Rossing, T. D. 14 
Rossmann, M. G. 788 
Rotenberg, A. 805 
Roth |e pa228 7605. ll2Z. 
Si 
Rothstein, J. 509 
Rotolo, L. S. 668 
Rouche, N. 245 
Rowe, J. E. 1450 
Rowland-Jones, A. 1078 
Rowley, G. C. 1012 
Rozenberg, D. P. 831 
Rozentsveig, V. Yu. 950 
Rubens, S. M. 1680 
Rubin, A. I. 489, 960 
Rubinoff, M. 1124 
Rudiger, A. O. 1177 
Rumble, W. G. 137 
Rupe, C. E. 1080 
Russell, J. K. 925 
Russell, L. A. 1678 
Rutishauser, R. W. 392 
Ryle, B. L. 1531 


iS) 


Sabbagh, N. 336 
Sachs, M. S. 342 
Saggerson, J. K. 1015 
Sahara, K. 1740 
St. Johnson, A. 718 
Sakalay, F. E. 1678 
Saliga, R. J. 1751 
Sallo, J. S. 864 
Salsburg, Z. W. 208 
Salter, F. 1330 
Saltman, R. G. 1649 
Salton, G. A: 223, 927, 
1099, 1220 
Salzer, H. E. 1554 
Samelson, K. 1239 
Sampson, D. K. 589 
Samuel, A. L. 448, 1396 
Sanborn, T. G. 1075 
Sangren, W. 935 
San Soucie, R. L. 21 
Santesmases, J. G. 866, 
1145 ? 
Sarachik, M. P. 852 
Sarafyan, D. 821, 1134 
Sattley, K. 1523 
Sauer, B. P. 176 
Saunders, R. M. 786 
Sauter, W. 558 
Savell, R. E. 1505 
Savitt, D. 296 
Scalzi, Ga Aw Gl 
Schaffer, R. R. 882 
Schatzoff, M. 695 
Schauer, R. F. 860, 1033, 
1176 
Schecher, H. 474 
Scherer, J. R. 1084 
Schlaeppi, H. P. 1199 


Schleicher, L. 1037 
Schlereth, F. H. 1343 
Schmerling, E. R. 458 
Schmid, H. 156, 585 
Schmidt, J. A. M. 230 
Schmidt, J. D. 1343 
Schmittroth, L. A. 985 
Schneider, W. 1763 
Schoene, Jr., L. P. 1065 
Schools, R. S. 1503 
Schubert, E. J. 374, 968, 
969, 970 
Schultz, D. L. 962 
Schutzenberger, M. P. 395 
Schwab, H. 1212 
Schwartz, B. L. 463 
Schwartz, S. J. 864 
Schwetman, H. D. 431 
SCOtt, Ae G.,059 
Scott, C. R. 748 
Scott, D. 316 
Scott, D. S. 469 
Scott, E. J. 1417 
Scotts ik ebes230 
Sebestyen, G. S. 1538 
Seeber, Jr., R. R. 1380 
Seelback, W. C. 1025, 1676 
Sefton, R. 1412 
Segal, R. J. 749 
Seid, B. 1092 
Selfridge, O. G. 1283 
Selman, J. C. 1655 
Semon, W. 98, 977, 1118 
Sen, J. K. 1613 
Sengupta, A. 669 
Senko, M. E. 915 
Seshu, S. 495, 496, 1117 
Seward, H. H. 1690 
Sferrino, V. J. 571 
Shafer, Jr., W. L. 877 
Shannon, C. E. 119 
Shapiro, A. 767, 1246 
Shapiro, R. M. 611 
Shaw, G. 1015 
Shaw, J. C. 83, 449, 1248 
Sheldon, J. A. 784 
Sheldon, J. W. 673 
Shell, D. L. 325, 477 
Shelton, Jr., G. L. 1387 
Shenfeld, S. 1765 
Shepherdson, J. C. 313 
Sheridan, P. B. 332 
Sherman, H. 1287 
Sherman, P. M. 1691 
Sherry, M. E. 620 
Shevchenko, L. I. 754 
Shevel, Jr., W. L. 271, 
1020, 1029 
Shevlin, R. 876 
Shifrin, G. A. 1044 
Shimshoni, M. 7 
Shipley, R. B. 339 
Shiskin, J. 773 
Shook, C. G. 1497 
Shooman, W. 1324 
Shoulders, K. R. 549 
Shrelder, Yu. A. 1228 
Shrikhande, S. S. 530 
Shultz, G. L. 803 
Sibley, R. A. 1513 
Sidorowicz, R. S. 24, 1789 
Siegel, J. C. 341 
Silva, R. 1424 
Simmons, F. P. 1159 
Simon, H. A. 83, 449, 1248 
Simpson, H. R. 1422 
Simpson, O. 858 


December 


Simsy Jn: G2540 
Singer, J. R. 409, 1539 
Singer, T. 1114 
Singleton, R. C. 651 
Singleton, R. R. 1421 
Sisson, R. L. 1366 
Sizer, T. R. H. 890, 1342, 
1657 
Skinner, R. L. 655 
Sklansky, J. 1194 
Skramstad, H. K. 1075 
Slade, A. E. 276, 1050, 
1170 
Slater, L. D. 1459 
Slepian, D. 992 
Sliter, J. A. 242 
Smallman, C. R. 1169 
Smay, T. A. 1493 
Smith, D. 1196 
Smith) Jr, FB. 1622 
Smith, H. 1682 
Smithy «|i lee ems 
1745 
Smith, H. R. 481 
Smith, J. E. K. 648 
Smith, J. G. 592 
Smith, J. L. 439, 591, 705 
Smith, K. C. 1023 
Smith, O. J. M. 1771 
Smith, O. K. 1726 
Smith, P. A. 1600 
Smith, R. B. 1510 
Smith, R. T. 214 
Smith, R. W. 893 
Smits, F. M. 1485 
Smolov, V. B. 732 
Smyth, R. K. 1794 
Snyder, C. L. 269 
Sobol, I. M. 94 
Sollecito, W. E. 808 
Solomon, E. W. 1231 
Solomonoff, R. 1293 
Soma, T. 1004 
Sosenskii, N. L. 1109 
Spahn, M. 1372 
Speckhard, A. E. 926 
Spencer, W. A. 1604 
Spiegelthal, E. S. 1395 
Spinrad, R. 873 
Sprick, W. 1284 
Srinivasan, C. V. 921 
Stacy, R. W. 1597 
Staehler, R. E. 36, 37 
Stagg, G. W. 630 
Stam, A. J. 526 
Stansbrey, J. J. 1037 
Stear, E. B. 908 
Stearns, S. D. 1098 
Steel, T. 63 
Steel, Jr., T. B. 326 
Stein, F. M. 1399, 1568 
Stein, I. M. 540 
Stein, M. L. 764, 1329 
Steinberg, H. A. 461 
Steinberg, J. R. 206 
Steinberg, L. 1482 
Stephen, J. N. 304 
Sterzer, F. 300, 415, 559, 
561 
Stevens, K. N. 833 
Stevens, M. E. 1291 
Stewart, Jr., R. M. 860, 
1033, 1176 
Stiefel, R. C. 694 
Stiles, H. E. 1536 
Stocker, C. F. 563 
Stokes, H. S. 199 


1961 


Stone, H. 1552 
Stoughton, P. N. 1339 
Strachey, C. 677 
Straley, R. 1048 
Stram, O. B. 1319 
Strathman, J. 709 
Strohm, W. 1660, 1693 
Strong, J. 63 
Stroud, A. H. 1560 
Strutt, M. J. O. 491 
Stuart-Williams, R. 1674 
Sugai, I. 254, 385 
Sumner, F. H. 351, 1249 
Surber, Jr., W. H. 1774 
Susskind, A. K. 641 
Sutton, R. L. 1076 
Svoboda, A. 1191 
Swann, D. A. 808 
Swanson, D. R. 1278 
Swanson, J. A. 1042 
Swift, C. J. 327, 1074 
Swift, P. 1054 
Swinnerton-Dyer, H. P. 
F. 1103 
Sydnor, R. L. 46, 709 
Sylvan, T. P. 141 
Szekely, M. E. 1487 
Szerlip, A. 143 


4b 


ihaback= (F635 
Takahashi, S. 844, 1292 
Takashima, K. 599 
Talkin, A. I. 1778 
Tancrell, R. H. 1022, 1488, 
1489 
Tanimoto, 
1605 
Taranto, D. 480 
Tasman, P. 941 
Taunton, B. W. 455 
Taussky, O. 1730 
Taylor, C. B. 1495 
Taylor, R. 1591 
Taylor, R. A. 918 
Taylor, R. T. 898 
Taylor, W. K. 350 
Teig, M. 1676 
Theil, E. H. 611 
Thomae, M. A. 1452 
Thomas, A. O. 338 
Thomas, E. 1585 
Thomas, M. 851 
Thomas, W. H. 741 
Thomason, J. G. 916, 1617 
Thompson, B. W. 161 
Thompson, H. 606 
Thompson, J. E. 723 


1 AR ASO 


Thompson, T. R. 68, 1077 
Thornhill, A. F. 1484 
Tierney, J. 1652 
Tillit, H. 120 
Tillman, R. M. 1198 
Timbrell, V. 45 
Tippett, J. T. 1002 
Tizard, R. H. 1059 
Tkach, G. 1048 
Tomlinson, T. B. 543 
Tomovié, R. 1413 
Torgerson, W. S. 1549 
Totschek, R. 1631 
Toy, W. N. 877 
Trachtenbrot, B. A. 186 
Trank, J. W. 656 
Tirabeie fl 555 
Tritter, A. L. 63, 394 
Trotter, B. E. 789 
True, M. D. 52 
Trumbo, D. E. 220 
Trust, M. 772 
Truxal, J. G. 1455 
RSs dCa SOD 
Tsui, F. F. 1689 
Tucker, A. W. 1426 
chunisnCenieoos 
Turner, E. B. 1082 
Turner, J. A. 717 
Purner, K. 1. 723 
Tuteur, F. B. 1779 
Anatts Ga boli if 2. 


U 

Ulrich, W. 994 
Uncapher, K. W. 397 
Ungar, W. J. 159 
Unger, S. H. 1, 498, 644, 

663, 976 
Uretsky, J. L. 518 
Uttley, A. M. 264, 602 


Vv 


Vacca, R. 283, 1232 
Vaillancourt, R. 1412 
Vajda, S. 256 
Val’denberg, Iu. S. 33 
Vallbona, C. 1604 

Van Alstyne, A. G. 441 
Van Buskirk, R. C. 310 
Van De Riet, E. K. 1664 
Vander Shreis, K. L. 622 
Vanderkulk, W. 1089 
Vandling, G. C. 1318 
Van Heerden, P. J. 492 
Van Ness, J. E. 631 

Van Ommen, B. 1163 
Van Wijngaarden, A. 998 


Author Index 


Van Zoeren, H. 1530 
Wealdegi, IR. Se che IWS 
Weisel, IPS IR IP, Silly 
Ventrice, C. A. 458 
Villars, D. S. 1758 
Vincent, G. O. 51 
Vine, J. 783, 898 
Viterbi, A. J. 1578 
Vivatson, A. L. 600 
Vleduts, G. E. 1757 
Voghera, N. 974 
Voiinez, G. 933 

Vold, M. J. 1755 
Volder, J. E. 594 
Vollenweide, D. 1086 
Voorhees, E. A. 1244 
Voss, J. R. 828 


WwW 


Wada, E. 1004 
Wada, H. 1292 
Wadey, W. G. 250, 963 
Wagner, E. G. 665 
Wagstaff, M. 902 
Waiter Dy bap2o2 
Walker, Jr., J. M. 913 
Walker, M. T. 1032 
Wall, F. T. 347 
Wallin, C. H. 881 
Wallmark, J. T. 408, 889, 
1487 
Wallstrom, B. 193 
Walsh, J. B. 1618 
Waltenburg, W. H. 1522, 
1527 
Walter, C. M. 178 
Walters, J. S. B. 1620 
Walther, A. 1144 
Walton, C. A. 42 
Wang, H. 816, 967, 1547 
Wangren, W. 212 
Wanlass, C. L. 565 
Wanlass, L. K. 157 
Wanlass, S. D. 565 
Warburton, C. R. 1102 
Ware, W. H. 996 
Warfield, J. N. 92, 937 
Waring, W. 231 
Warmington, C. B. 1462 
Warner, H. R. 811 
Warren, C. S. 137 
Wasserman, R. 1481, 1652 
Watanabe, M. S. 987 
Watanabe, S. 1301 
Watts, A. T. 1054 
Watts, F. 339 
Waymeyer, W. K. 1772 
Wax, N. 835 


Weaver, J. A. 1183 
Webster, J. L. 962 
Weeg, G. P. 246, 830, 
964, 1397 
Weene, P. 1289 
Wegstein, J. H. 63, 318 
Weik, M. H. 535, 538 
Weil, H. 815 
Weinberg, G. M. 1650 
Weinberger, A. 439, 591, 
640, 705 
Weinberger, H. F. 1416, 
1714 
Weizbaum, J. 751 
Welch, P. D. 1541, 1749 
Wells, M. B. 1529 
Weltzien, J. W. 242 
Wenrick, R. C. 1728 
Wensley, J. H. 252 
Wersan, S. J. 680 
WWESe; Wie I ee 
West, J. C. 884 
Wetherbee, J. K. 310 
Wexelblat, R. L. 1708 
Weygandt, C. N. 1773 
Whalen, R. M. 1678 
Wheeler, D. J. 894 
Wheeling, R. F. 366, 1427 
Wheelock, J. 249 
White, G. M. 581, 758 
Whiteman, I. R. 1108 
Whitman, A. L. 899 
Whittaker, J. L. 1336 
Widrow, B. 1709 
Wiebenson, W. 1087 
Wiechec, W. 1024 
Wier, J. M. 1436 
Wiesner, J. B. 124 
Wigington, R. L. 370 
Wilcox, R. H. 707 
Wildfeuer, D. 1586 
Wali tl sosoliaa203 
Wilkes, M. V. 123, 744, 
894, 1746 
Wilkinson, J. H. 104, 512, 
(Gir, Wie Sy. 
Willett, H. M. 178, 1389 
Williams, F. A. 452 
Williams, Jr., F. A. 1745 
Williams, Jr., J. B. 1625 
Williams, M. F. 1484 
Williams, R. W. 19 
Willis, D. G. 604, 1392 
Willoughby, R. A. 1407 
Wilson, L. B. 823 
Wimpress, R. S. 1541 
Windley, P. F. 380, 653, 
1078, 1268 


843 


Wing, J. 1623, 1776 
Winterbottom, N. 1620 
Wolf, E. W. 311 
Wolf, P. 859 
Wolfe, P. 824 
Wolff, G. 1002 
Wolk, E. S. 1629 
Wong, T. 1010 
Wood, R. C. 1631 
Wood, W. W. 208 
Woodger, M. 1241 
Woodland, N. J. 205 
Woodward, C. E. 727 
Woodward, J. A. 1039 
Woodward, P. M. 1692 
Woolner, A. D. 357 
Worsley, B. H. 334 
Wortzman, D. 1326 
Wouk, A. 514 
Wray, Jr., W. J. 554 
Wright, A. G. 775 
Wright, C. E. 468, 619, 
ISS 
Wright, M. A. 1279, 1697 
Wright, V. W. 793 
Wyllys, R. E. 1698 
Wynne, C. G. 460, 626 


ve 


Yamada, H. 1068 
Yates, F. 1422 
Wrvane, We Tels Wile. iss, 
1294 
Yntema, D. B. 1549 
Yochelson, S. B. 1185 
Yoeli, M. 497 
Yoshinaga, H. 1759 
Youden, W. W. 1534 
Youle, P. V. 1446 
Young, A. 1465 
Young, @ BH. 1333 
Young, D. A. 800 
Young, D. R. 861 
Young, F. H. 5 
Young, M. E. 431 
Young, R. W. 430 
Younger, D. H. 1442 
Younker, E. L. 1367 
Yourke, H. S. 1660 


Z 


Zaitzeff, E. M. 995 
Zakai, M. 396 
Zakrevskii, A. D. 846 
Zarechnak, M. 255 
Zemlin, R. A. 1426 
Zierler, N. 1305, 1419 
Ziniuk, M. A. 282 
Tile, VP. NSS) 


> a ; 
- 5 
pai. a i) 
' a 
tise 
a 
— @ a, 
> i 
Ws: 
> Bx. 
ok 
oa 


1961 


PGEC News 


IRE TRANSACTIONS ON ELECTRONIC COMPUTERS 


845 


To All PGEC Chapter Officers 
and Committee Chairmen 


The PGEC News section of the 
TRANSACTIONS is open for your an- 
nouncements and reports of activities. 
Deadline is the first of the month, two 
months ahead of the date of issue. 
Send all items to the Editor. 


THE CHAIRMAN’S LETTER 
St. Paul, Minn., November 10, 1961— 
AFIPS and the Role of PGEC 


You will be reading this shortly after 
the 1961 Eastern Joint Computer Confer- 
ence, which was the first national computer 
conference sponsored by the American 
Federation of Information Processing So- 
cieties. The debut of AFIPS is a significant 
occasion for the information processing 
community, and we wish the new organiza- 
tion well in carrying out its important mis- 
sion. Now that AFIPS is beginning to func- 
tion, it is appropriate to scrutinize the role 
of PGEC. The PGEC AdCom has been do- 
ing a great deal of this during recent months, 
and gave the subject a pretty thorough 
workout at Los Angeles in September. 

Here is what we see in our mirror. In 
publications the feeling is that our TRANS- 
ACTIONS is a pretty high-grade journal, and 
that our editors have been doing a tremen- 
dous job. What about conferences? PGEC 
participation in the JCC’s is strong, but our 
role is somewhat obscured from public view, 
and this is especially true with the debut of 
AFIPS. At the IRE International Conven- 
tion and at WESCON, even the presence of 
several well-organized computer sessions 
does not draw a high concentration of com- 
puter people. In_ the several national 
symposia which PGEC cosponsors, both 
our initiative and our degree of participation 
should be far stronger. What about Chapter 
activities? Many of the Chapters are seri- 
ously in need of purpose and motivation. 


PGEC Symposia 


As a positive step, we discussed the 
desirability of one or more regular symposia 
sponsored exclusively by PGEC, and or- 
ganized and operated at the Chapter level. 
The need was expressed for a type of confer- 
ence which is specifically geared to the inter- 
est of PGEC members. Sponsorship by a 
Chapter is natural and practical, since close 
liaison among the arrangers is highly desira- 
ble. Keith Uncapher suggested that the 
Orange County (Calif.) Chapter of PGEC is 
ideally situated to set the example by launch- 
ing a good symposium. This Chapter, al- 


though relatively new, is blessed with 
members and officers who are long on con- 
ference and technical experience. 

A few weeks later, Keith and I had the 
opportunity to talk over the proposition 
with Bill Gunning and his Orange County 
colleagues. These fireballs immediately took 
over; at this writing, plans for a symposium 
are solid. The symposium topic is “Engineer- 
ing Techniques in Missile and Spaceborne 
Computers.” Bill Gunning is conference 
chairman. Date and location are not final at 
this writing; tentatively, late October, 1962, 
in Anaheim, Calif. National participation is 
intended and encouraged. The program will 
consist primarily of invited papers. A great 
deal of enthusiasm has already been gen- 
erated. More about this next time. 


Technical Activities Committees 


A major item for the December meeting 
of the PGEC is to consider and adopt a plan 
for establishing Technical Activities Com- 
mittees in special-interest topical areas 
which lie within the scope of PGEC. Ac- 
cording to the thinking at this writing, each 
Technical Activities Committee (TAC) will 
provide the leadership in organizing tech- 
nnical activities in its specialty area, includ- 
ing: 

Sponsoring or cosponsoring national 

symposia, using PGEC Chapters as local 

arrangements committees where ap- 
propriate; 


Handling PGEC participation in inter- 
national meetings relating to the spe- 
cialty; 


Organizing and soliciting papers for 
specialized sessions at IRE Conventions, 
WO, cies 


Soliciting and reviewing TRANSACTIONS 
papers in the specialty; 


Sponsoring special issues of the TRANS- 
ACTIONS; 


Cooperating with IRE technical com- 
mittees (like Committee 8) in establish- 
ing IRE Standards. 


We hope to keep the rules and procedures 
under which the TAC’s operate as simple as 
possible. To insure that each TAC is manned 
with able, motivated workers, a new AG 
will be activated only on petition of some 
reasonable minimum number of qualified 
workers in the specialty. A TAC is not a list 
of all PGEC members casually interested in 
a given specialty; it is, rather, a vigorous 
steering committee for organizing technical 
activities. For guidance purposes, there will 
be an initial list of specialties in which 
TAC’s would be desirable; however, tts 
by no means necessary to adhere to the 


categories in this list. The plan which we 
adopt must serve the needs of the member- 
ship and provide for the natural growth of 
specialties within specialties. 


Does the Name Fit the Scope? 


During the course of our self-scrutiny, 
the suggestion came up that it would be 
appropriate to rename PGEC to PGIPS 
(Information Processing Systems). If you 
look over the PGEC scope which we adopted 
last March (see the June TRANSACTIONS, p. 
337), would you feel that the name PGIPS 
is more representative of the technical area 
we are serving? The proposed title picks up 
“information processing,” which has a 
broader connotation than “computers,” and 
adds the important world “systems.” The 
combination gives recognition to the long 
established fact that our attention is not 
confined to components and techniques in- 
ternal to computers. Further, it is certainly 
our responsibility, whether as PGEC or as 
PGIPS, to serve the increasing interest in 
system engineering of computer-centered 
systems. 


PGEC Annual Meeting 


The next meeting of the AdCom will be 
the Annual Meeting of PGEC, at New York, 
N.Y., during the 1962 IRE International 
Convention. 

ARNOLD A. COHEN 
Chairman, PGEC 


CHAPTER NEWS 


The two neighboring chapters in the Los 
Angeles vicinity, the Los Angeles Chapter 
and the Orange County Chapter, announce 
the following officers for 1961-1962: 


Los Angeles Chapter 


Chairman—Paul M. Davies, Abacus, 
Inc. 

Vice Chairman—Dr. Robert Kudlich, 
AC Spark Plug. 

Secretary-Treasurer—Dr. Ike Neham- 
ma, Rand Corp. 

Program Chairman—Viv Nininger, Li- 
brascope Corp. 

Membership Chairman—Dave Hartig, 
Librascope Corp. 

Arrangements and Publicity—Ronald 
Leuschner, Hughes Aircraft Co. 

Student Relations—Donald Segel, Mar- 
quardt Co. 

Post Chairman—Mal Davis, Rand Corp. 


Orange County Chapter 


Chairman—William Gunning, Astro- 
data Inc. 

Vice Chairman—Charles Hobbs, Aero- 
nutronics. 
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December 


INTERNATIONAL MULTILINGUAL COMPUTER GLOSSARY 


Through the collaboration of two inter- 
national organizations, a “Multilingual 
Glossary of Automatic Data Processing 
Terminology” is being developed which will 
have international significance. The two or- 
ganizations responsible for preparing the 
glossary, the International Federation of 
Information Processing Societies and the 
Provisional International Computation Cen- 
tre, have agreed to make the glossary avail- 
able, upon completion, to the International 
Organization for Standardization. 

At its May meeting in Geneva, the 
newly-formed ISO Technical Committee 
No. 97 on Digital Computers and Data 


Processing Machines formally requested 
that IFIPS and PICC assume responsibility, 
on its behalf, for the preparation of this 
multilingual glossary. The ISO Technical 
Committee agreed to accept the glossary as 
a first draft of an International Standard 
Glossary. 

The IFIPS Committee for the Standard- 
ization of Terminology and Symbols, under 
the chairmanship of G. C. Tootill of the 
Royal Aircraft Establishment, England, is 
undertaking two tasks in the preparation of 
the glossary. First, the IFIPS Committee 
is reviewing the latest draft of the British 
Standard’s Glossary to determine what 
alterations to the concepts are necessary to 


make the glossary suitable for international 
use. Secondly, the committee is studying 
the glossary to insure its completeness and 
accuracy. Based on the work of the British 
Standards Institution, the Provisional In- 
ternational Computation Centre is prepar- 
ing a draft of the multilingual glossary in 
five languages. Dr. J. E. Holmstrom, previ- 
ously associated with UNESCO, is directing 
the project of the PICC. 

It is hoped that the multilingual glos- 
sary, which will mark an important mile- 
stone in standardization of computer 
terminology, will be available by August, 
1962. 
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This Notices Section is open to all 
who have an announcement of a con- 
ference, symposium, session, publica- 
tion, or other artifact of interest to the 
PGEC membership. Please send an- 
nouncements to the Editor, who will 
put them in the first available issue. 
The right is reserved to edit the an- 
nouncements, and to decide whether 
they indeed are aimed at our audience. 


Summary Calendar 
of Coming Events 


January 28—February 2, 1962—AIEE 
Winter General Meeting, Statler 
Hotel, New York, N. Y. 

February 6-7, 1962—ONR Symposium 
on Redundancy Techniques for Com- 
puting Systems, Washington, D. C. 

February 14-16, 1962—International 
Solid-State Circuits Conference, Uni- 
versity of Pennsylvania and Sheraton 
Hotel, Philadelphia, Pa. 

March 26-29, 1962—IRE International 
Convention, Coliseum and Waldorf- 
Astoria Hotel, New York, N. Y. 

April 24-26, 1962—PIB Symposium on 
Mathematical Theory of Automata, 
New York, N.Y. 

May 1-3, 1962—Spring Joint Computer 
Conference, San Francisco, Calif. 

May 3-4, 1962—International Congress 
on Human Factors in Electronics, 
Lafayette Hotel, Long Beach, Calif. 

August 21-24, 1962—WESCON (West- 
ern Electronics Show and Confer- 
ence), Los Angeles, Calif. 

August 27-September 1, 1962—Second 
International Conference on Informa- 
tion Processing, Munich, Germany. 

September 3-7, 1962—International 
Symposium on Information Theory, 
Brussels, Belgium. 

December 4-7, 1962—Fall Joint Com- 
puter Conference, Bellevue Stratford 
Hotel, Philadelphia, Pa. 

Items in boldface print are sponsored or 
cosponsored by PGEC. 


FURTHER INFORMATION ON 
COMING EVENTS 


AIEE WINTER MEETING 


The AIEE Computer Systems Subcom- 
mittee will sponsor sessions on Kilomega- 
cycle Computing Systems. 


SYMPOSIUM ON 
REDUNDANCY TECHNIQUES 
FOR COMPUTING SYSTEMS 


This symposium, sponsored by the In- 
formation Systems Branch, Office of Naval 
Research, will be held in the Department of 
the Interior Auditorium, C St. between 18th 
and 19th Sts., N.W., Washington, D. C. 

The objective of the Symposiunt is to 
focus attention toward new ideas, research 
and developments which may lead to the 
introduction of redundancy techniques into 
forthcoming computing systems. he pro- 
gram will consist of papers invited from 
many of the organizations erigaged in ap- 


propriate research and development activ- 
ities, 

Attendance is open to all interested 
technical personnel. Further information 
and a preliminary Symposium program, 
when available, may be obtained by con- 
tacting 

Miss Josephine Leno 
Code 430A 

Office of Naval Research 
Washington 25, D. C. 
(Phone OXford 6-6213). 


IRE INTERNATIONAL 
CONVENTION 

Sessions sponsored by the PGEC will be 
held on March 26 and 27, 1962. Exhibits 
and technical sessions at the four-day meet- 


ing will cover the entire range of interests 
of the IRE. 


PIB SYMPOSIUM ON 
MATHEMATICAL THEORY 
OF AUTOMATA 

The Polytechnic Institute of Brooklyn 
has announced a Symposium on the Mathe- 
matical Theory of Automata. Professors 
A. E. Laemmel and E. J. Smith are cochair- 
men. The PGEC is one of the cosponsoring 
organizations. 
SPRING JOINT COMPUTER 
CONFERENCE 


The following officers have been an- 
nounced: 


General Chairman—George Barnard, 
Philco Western Development Labora- 
tories. 

Vice Chairman—Dr. Hewitt Crane, 
Stanford Research Institute. 

Secretary- Treasurer—Robert Isaacs, 


Philco Western Development Labora- 
tories. 


The Chairman of the Technical Program 
Committee is Dr. Richard I. Tanaka Lock- 
heed Missiles and Space Co. Vice-Chairman 
is Dr. Robert C. Minnick, Stanford Research 
Institute. John E. Sherman, Lockheed 
Missiles and Space Co., and R. J. Andrews, 
IBM, San Jose, Calif., are serving as asso- 
ciate chairmen for special sessions. 

Both the technical program and the ex- 
hibits will be at the Fairmont Hotel, San 
Francisco, Calif. 


INTERNATIONAL CONGRESS 
ON HUMAN FACTORS IN 
ELECTRONICS 


The Congress, sponsored by the IRE 
PGHFE, has as its theme “Man-Machine 
Engineering: Methods, Models and Meas- 
urements.” Technical discipline experts have 
been invited to present papers describing 
applications of their disciplines to human 
behavioral descriptions. Papers on new re- 
search findings will also be presented. The 


papers deadline has passed, but further in- 
formation about the meeting may be ob- 
tained from the Chairman: 


Dr. Charles Owen Hopkins 
Hughes Aircraft Co. 
Culver City, Calif. 


IFIP CONGRESS 1962 


Preliminary selection of American papers 
for consideration by the international pro- 
gram committee has been made. Nearly 400 
abstracts were submitted by prospective 
authors. These covered a wide range of topics 
of interest to engineers, mathematicians, 
linguists, programmers, and businessmen. 

At the same time, arrangements are be- 
ing made for strong U. S. attendance. Chair- 
man for U. S. Travel Arrangements is Dr. 
Werner Buchholz, IBM Corp., South Road 
Laboratory, Poughkeepsie, N. Y. Those who 
have not returned the travel questionnaire 
which was included in the mailing of the 
EJCC preliminary program are urged to 
communicate their travel needs to Dr. 
Buchholz so that his committee may make 
suitable plans. 


INTERNATIONAL 
SYMPOSIUM ON 
INFORMATION THEORY 


An international Symposium on Informa- 
tion Theory, sponsored by PGIT, and or- 
ganized by the Benelux Section of IRE, and 
SITEL is to be held in Brussels, Belgium, 
September 3 to 7, 1962. 

The following is a tentative list of sub- 
jects: 


Coding and decoding of digital and ana- 
log communication. 

Studies of random interferences and of 
information-bearing signals. 

Compression. 

Analysis and design of communication 
and detection systems. 

Pattern recognition, learning, adaptive 
filters. 

Automata and other forms of informa- 
tion processing systems. 

Processing of sensory information. Hu- 
man operators. 

Nervous systems. 

Linguistics. 

Scientific method. 


It is hoped that all papers:can be printed 
before the Symposium. The following dead- 
line schedule is necessary: 


Receipt of 500-1000 word abstracts: 
January 15, 1962. 

Receipt of full-length papers: April 55 
1962. 


Authors will be notified of the prelimi- 
nary acceptance of their abstracts by Febru- 
ary 1, 1962. 

Abstracts and papers should te submit- 
ted to the Chairman of the Organizing Com- 
mittee, Dr. F. L. Stumpers, Phillips Re- 
search Laboratories, Eindhoven, The Neth- 
erlands 
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PUBLICATIONS AVAILABLE 


“INTERNATIONAL REPERTORY OF COMPUTA- 
TION LABORATORIES,” PUBLISHED BY 
PROVISIONAL INTERNATIONAL COMPU- 
TATION CENTRE (PICC), PALazzo DEGLI 
Urrici, ZONA DELL EUR, Rome, ITALY 


This International Repertory, which has, 
in the past, been published as part of the 
PICC Bulletin, has now been issued as a 
separate bound loose-leaf volume, priced at 
$6.50. 

It contains detailed and up-to-date in- 
formation—name, address and officers of 
each institution, type of equipment installed, 
as well as that contemplated, field of experi- 
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ence, training available, and periodical pub- 
lications—on approximately 300 computing 
laboratories in 30 countries. 

All entry sheets (one for each laboratory ) 
are grouped by country, the countries classi- 
fied in alphabetical order. There is also an 
alphabetical index by name of laboratory 
for easy reference. 

Supplementary sheets will be supplied 
free of charge with subsequent issues of the 
PICC Bulletin. 


COMPUTER PROJECT IN 
NORWAY 


The Institute of Radio Techniques at 


December 


Norway’s Institute of Technology in 
Trondheim is undertaking the design and 
construction of a digital computer. The 
project will extend over a three-year period, 
starting about January 1, 1962. The team 
which is being assembled for the project 
hopes to acquire the services of an expe- 
rienced computer engineer and would wel- 
come applications. Available financial sup- 
port includes post-doctorate fellowships for 
qualified candidates. Further details may 
be obtained from 


Mr. Arne Lyse 

Institute of Radio Techniques 
Norway’s Institute of Technology 
Trondheim, Norway. 


URGE YOUR FRIENDS TO JOIN THE PGEC 


Advantages of Membership 


1) Members regularly receive the IRE TRANSACTIONS ON ELECTRONIC Computers, which include the best technical papers on 


computers. The TRANSACTIONS will be published bimonthly starting in 1962. 
2) Members may participate in activities of local chapters of the PGEC. 


3) Through the TRANsactTions and the local chapter activities, members may keep up with the most recent advances in com- 


puter technology. 


Who May Join 
1) Those who belong to the IRE. 


2) Those who belong to one of the following societies may become Affiliates of the PGEC: 


American Management Society 
American Mathematical Society 


American Physical Society 


American Society of Mechanical Engineers 
Association for Computing Machinery 
Institute of the Aeronautical Sciences 
National Association of Accountants 


National Machine Accountants Association 


How to Join 


Operations Research Society of America 

Society for Industrial and Applied Mathematics 
Society of Automotive Engineers 

American Institute of Electrical Engineers 
Institution of Electrical Engineers (London) 
Mathematical Association of America 
Instrument Society of America. 


1) a) IRE members—make out a check for $4.00 payable to the IRE. This covers the PGEC fee. 
b) Non-IRE members desiring affiliate status—make out a check for $8.50, payable to IRE. Of this amount, $4.00 repre 
sents the PGEC fee, and $4.50 the affiliate membership. 
2) Send your check and a letter requesting PGEC membership to 


No application blanks are needed. 
Or 


The Institute of Radio Engineers 
1 East 79 St. 
New York 21, N. Y. 


Contact your local IRE Section or PGEC Chapter directly. 


Urge your friends who qualify to join the PGEC now. 
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Some Reflections on Digital Computer Design, W. Renwick, Re- 
viewed by Arthur W. LO... . 0.2. ae nee se ees serene 
The Impact of Automation on Digital Computer Design, W. J\. 
Hannig and T. L. Mayes, Reviewed by G. A. Sellers, Jr..... 
Use of a Digital Analog Arithmetic Unit Within a Digital Com- 
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Blosk, Reviewed by) D) Ba Gillicsn ate ee eerie ern 
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Digital Models, A. V. Shileiko, Reviewed by Ramon L. Alonso 
Wave Generation and Shaping, L. Strauss, Reviewed by W. D. 
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Esaki Diode Logic Circuits, G. W. Neff, S. A. Butler, and D. L. 
Critchlow, Reviewed by R. A. Kaenel..................... 
Calculated Waveforms for Tunnel Diode Locked Pair, H. R. 
Kaupp and D. R. Crosby, Reviewed by R. A. Kaenel....... 
Tunnel Diode Logic Circuits, R. H. Bergman, Reviewed by R. A. 
Kaenel Goin i es Se Oe eee 
A Novel Adder-Subtractor Circuit Utilizing Tunnel Diodes, 
R. A. Kaenel, Reviewed by F. K. Buelow..:..............-- 
MAD-Resistance Type Magnetic Shift Registers, D. R. Ben- 
nion: Analysis of MAD-R Shift Register and Driver, David 
Nitzan, Renewed by George R. Briggs: ....2...522 222 -s ee 
Self-Propagating Core Logic, A. S. Myers, Jr., Reviewed by 
Ry Bi GOUld udatrcn ge ee eee are ee 
Switching Circuits Using Bi-Directional Non-Linear Im- 
pedances, T. B. Tomilinson, Reviewed by H. S. Yourke..... 
Domain Behavior in Thin Magnetic Films, Joseph W. Hart, 
Revvewed by Vin, Wi Hester man se2. cet te ee ee 
A New Magnetic High-Speed Switching Element, Its Applica- 
tion to Machine Tool Numerical Positioning Control, M. 
Dumaire, Reviewed by Donal A. Meter............--.-..- 
Magnetic Logical Elements for Automatic Control Circuits, 
N. P. Vasil’eva and N. L. Prokhorov, Reviewed by John L. 


Thermal! Propagation of a Normal Region in a Thin Supercon- 
ducting Film and its Application toa New Type of Bi-Stable 
Element, R. F. Broom and E. H. Rhoderick, Reviewed by 
V. iL. Newhouse. 2 Sarr ot Sa Sek ee ee ee eee 

Proc. Symp. on Microminiaturization of Electronic Assemblies, 
E. F. Horsey, Ed., Reviewed by R. J. Domenico............ 

Associative Self-Sorting Memory, R. R. Seeber, Reviewed by 
Ri. Fe ROSt1 284 BO Bk 

A New Semiconductor Memory Element with Non-Destructive 
Read-Out and Electrostatic Storage, V. H. Grinich and 
D. Hibiber, Reviewed by Irwin Dorros...............2.-.. 

A Vacuum Evaporated Random Access Memory, K. D. Broad- 
bent, Rewzewed byAR Vo Pohmicis oon oe eee eee 

Magnetic Film Memories, A Survey, A. V. Pohm and E. N. 
Mitchell) Reviewed by Jo Io sRaffel jee tae ee 

A Class of Optimal Noiseless Load-Sharing Matrix Switches, 
R. T. Chien; New Developments in Load-Sharing Switches, 
G. Constantine, Jr., Reviewed by C. J. Vinceletic........... 

Distributed Parameter Aspects of Core Memory Wiring, J. S. 
Eggenberger, Reviewed by M. W. Green.................2. 

Programming Computers to Play Games, A. L. Samuel, Re- 
wewed by DW. Hapelbarger’—. 0 | See eee eee 

Applications of Graphs and Boolean Matrices to Computer 
Programming, Rosalind B. Marimont, Reviewed by Richard M. 
Karp San Fee Ee ee 
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